Branched Polyethylene Glycol for Protein Precipitation by SIM SIOW LENG





















A THESIS SUBMITTED FOR 
THE DEGREE OF DOCTOR OF PHILOSOPHY 
 
DEPARTMENT OF  
CHEMICAL AND BIOMOLECULAR ENGINEERING 
 





Name:   SIM Siow Leng 
Degree:  Doctor of Philosophy 
Department:  Chemical and Biomolecular Engineering 
Title:   Branched Polyethylene Glycol for Protein Precipitation 





 The use of linear polyethylene glycol (PEG) for protein precipitation raises the 
issues of high viscosity and limited selectivity.  This project was aimed at alleviating 
the former problem through PEG branching.  Novel star-branched PEG precipitants 
were synthesized and screened before selecting 3-arm star as the model branched 
structure.  Further precipitation experiments elucidated the trade-off between 
viscosity and precipitation efficiency when PEG was branched.  Even so, higher 
concentrations of branched PEGs reduced viscosity without adversely affecting the 
precipitation outcome, relative to linear versions of equivalent molecular weights.  
Drawing from empirical observations pointing to the central role of hydrodynamic 
radius, a generalized scientific model was developed.  This led to a simple correlation 
that predicts the efficiency of general-shaped PEG precipitants as well as the effects 
of PEG branching, protein size, and environmental condition. 
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Precipitation by polyethylene glycol (PEG) is commonly used for protein 
purification and concentration.  A simple non-chromatographic method, it has the 
potential to replace diffusion-limited chromatography as a cost-effective initial 
purification step to remove major impurities and concentrate the target protein. 
 
The precipitation effect is dominated by volume exclusion mechanism: PEG 
excludes proteins from a part of the solution; this leads to supersaturation of 
excluded protein in the remaining solution, causing protein precipitation.  The steric 
mechanism affects large proteins more than small proteins, which explains why large 
proteins are preferentially precipitated.  Small proteins can only be precipitated by 
larger or more concentrated PEGs. 
 
Currently, this method employs linear PEG precipitants and confronts two 
main problems.  Firstly, the required PEG size and concentration result in process 
fluids of high viscosity.  This causes mass transfer and cleaning difficulties in unit 
operations like mixing, pumping, centrifugation and filtration.  Secondly, due to the 
steric nature of the precipitation mechanism, impurities of similar and larger sizes are 
usually co-precipitated with the target protein. 
 
This project was aimed at alleviating the first problem of high viscosity by 
branching the PEG chain, so as to reduce the stiffness of the PEG molecule and thus 
lower it’s intrinsic viscosity.  3 and 10-arm star PEG precipitants were synthesized 
and characterized.  After screening by immunoglobulin G (IgG) solubility, the more 
efficient 3-arm star was selected as the model branched structure.  The effect of PEG 
branching on protein precipitation was then elucidated by contrasting different-sized 
branched PEGs to linear versions of equivalent molecular weights, contextualized to 
specific protein recovery from a real-world protein mixture, solubility of different 
purified proteins, precipitation selectivity, and precipitation kinetics.  
 
The precipitation experiments have explicated the trade-off between viscosity 
and precipitation efficiency when the PEG was branched.  While PEG branching 
reduced viscosity, it came with less protein precipitation and slower kinetics.  Even 
so, higher concentrations of branched PEGs could still achieve net viscosity 
reductions without adversely affecting the precipitation outcome, relative to their 
 vi
linear counterparts of equivalent molecular weights.  PEG branching did not 
significantly affect the precipitation selectivity. 
 
Drawing from empirical observations pointing to the central role of 
hydrodynamic radius, a generalized scientific model was developed.  Contrary to 
previous models, the proposed model avoids explicit accounting of PEG molecular 
weight in order to improve accuracy.  One result is a simple correlation that predicts 
the efficiency of general-shaped PEG precipitants as well as the effects of PEG 
branching, protein size, and environmental condition.  Due to it's simplicity, however, 
quantitative deviation is expected when the test protein is of non-moderate size and 
when other proteins are present. 
 
Future work shall refine the branched precipitants by adding charged groups 
in the hope of improving precipitation selectivity.  These modified PEGs may also be 
useful for other biotechnological applications. 
 
 vii
 LIST OF FIGURES 
 
Figure 1. Solubility curves describing protein crystallization and precipitation. ......... 16 
Figure 2. Schematic of a 4-arm star polymer. .......................................................... 17 
Figure 3. Average arm lengths of different star polymers. ........................................ 18 
Figure 4. Schematic of a comb polymer. .................................................................. 18 
Figure 5. Schematic of a dendritic polymer. ............................................................. 19 
Figure 6. Scheme to synthesize 3-arm star PEG, tri-poly(ethylene glycol) 1,3,5-
benzenetricarboxylate. ............................................................................. 21 
Figure 7. Scheme to synthesize 10-arm star PEG. .................................................. 25 
Figure 8. 1H NMR spectra (CDCl3) of 3-arm star PEGs............................................ 33 
Figure 9. 13C NMR spectra of 3-arm star PEGs. ...................................................... 34 
Figure 10. MALDI TOF/TOF mass spectra of 3-arm star PEGs. .............................. 37 
Figure 11. GPC spectra of 3-arm star PEGs. ........................................................... 38 
Figure 12. Dynamic and reduced specific viscosity of PEG solutions at 25oC. ......... 40 
Figure 13. Effect of molecular weight on branching factor of 3-arm star PEGs at 25oC.
 ................................................................................................................ 41 
Figure 14. Dynamic light scattering data at 25oC cross-referenced to theoretical 
predictions and literature. ........................................................................ 42 
Figure 15. Effect of branching on PEG hydrodynamic radius. .................................. 42 
Figure 16. Effect of temperature on PEG hydrodynamic radius. .............................. 44 
Figure 17. Effect of temperature on viscometric behavior of linear PEG6000. ......... 45 
Figure 18. Effect of temperature on relative viscosity of aqueous PEG20000. ......... 45 
Figure 19. 1H NMR spectra tracking the synthesis of 10-arm star PEG5000. ........... 46 
Figure 20.  Conversion kinetics of 10-arm star PEG5000 synthesis in linear and semi-
logarithmic scales. ................................................................................... 48 
Figure 21. GPC of 10-arm star PEG5000. ............................................................... 48 
Figure 22.  Dynamic viscosity profiles of 10-arm star PEG5000 and linear PEG5000 
at 25oC. ................................................................................................... 49 
Figure 23. IgG solubility in different star-branched and linear PEGs. ....................... 50 
Figure 24. Schematized effect of the extent of PEG branching on IgG solubility. ..... 50 
Figure 25. Schematic of model branched structure, tri-poly(ethylene glycol) 1,3,5-
benzenetricarboxylate. ............................................................................. 51 
Figure 26. High-throughput micromethods for precipitation studies. ........................ 52 
Figure 27. IgG recovery from CHO supernatant by various PEGs at 4oC as a function 
of PEG concentration............................................................................... 60 
Figure 28. IgG recovery from CHO supernatant by various PEGs at 4oC as a function 
of PEG dynamic viscosity. ....................................................................... 61 
Figure 29. IgG recovery from CHO supernatant by various PEGs at 4oC as a function 
of PEG molarity. ...................................................................................... 63 
 viii
Figure 30. IgG recovery from CHO supernatant by PEGs of similar hydrodynamic 
radii (rh,PEG) at 4oC as functions of PEG dynamic viscosity and PEG 
molarity. ................................................................................................... 64 
Figure 31. IgG recovery from hypothetical cell culture supernatants with different final 
IgG concentrations (after adding PEG) at 4oC. ........................................ 65 
Figure 32. Normalized SEC (TSK G3000SWxl) elution profiles of (i – ix) native 
proteins precipitated from bovine serum by various PEGs at 4oC, pH 7.4, 
(x) and standards identifying the different components of bovine serum, 
compared to (xi) a schematic of proteins precipitated from human plasma 
by linear PEG6000 at 18oC, pH 7.0 [Polson et al., 1964]. ........................ 69 
Figure 33. Coomassie-stained SDS-PAGE gels of (i, iii, v) non-reduced ~1.0 µg total 
protein, and (ii, iv, vi) reduced ~1.2 µg total protein precipitated from bovine 
serum by various PEGs at 4oC, pH 7.4. ................................................... 70 
Figure 34. Normalized SEC (TSK G3000SWxl) elution profiles of (i - vi) native 
proteins (DP) recovered from CHO supernatant by various PEGs at 4oC, 
and (vii) standards. .................................................................................. 73 
Figure 35. Silver-stained SDS-PAGE gels of non-reduced IgG recovered from CHO 
supernatant by various PEGs at 4oC, and controls. ................................. 74 
Figure 36. Semi-logarithmic solubility plots of different purified proteins in various 
PEG solutions at 4oC. .............................................................................. 76 
Figure 37. Semi-logarithmic solubility plot of IgG in CHO supernatant at 4oC. ......... 78 
Figure 38. Temperature effect on IgG solubility in different PEG solutions .............. 79 
Figure 39. Precipitation kinetics of 0.5 mg/ml purified IgM in 5%w/v PEG, pH 6.5. .. 80 
Figure 40. Hydrodynamic diameter of IgM precipitates (dprec) from Figure 39 plotted 
with discrete time points (left) and as 7-period moving averages (right). .. 81 
Figure 41. Linear regression of solubility data from Table 4 on PEG hydrodynamic 
radius raised to the exponent of 0.211 (rh,PEG0.211). ................................... 88 
Figure 42. Linear regression of data from Figure 41 on protein hydrodynamic radius 
(rh,prot). ...................................................................................................... 89 
Figure 43. Hypothesis (left) and observation (right) of PEG branching effects on 
precipitation efficiency. ............................................................................ 90 
Figure 44. Predicted effect of protein hydrodynamic radius (rh,prot) on β-value of 
different purified proteins with linear PEG4000. ....................................... 91 
Figure 45. Predicted effect of PEG MW on β-value of human serum albumin with 
different linear PEGs at pH 4.5. ............................................................... 92 
Figure 46. Predicted protein solubility in linear PEG4000 solutions. ........................ 93 
Figure 47. Normalized SEC (TSK G3000SWxl) elution profiles of washed and 
unwashed precipitates by 10%w/v linear PEG6000 from CHO supernatant.
 .............................................................................................................. 111 
Figure 48. Effect of precipitate washing on recovery and purity of IgG precipitated 
from CHO supernatant by 10%w/v linear PEG6000. .............................. 112 
Figure 49. Reduced specific viscosity of linear PEG4000 plotted against PEG 
concentration. ........................................................................................ 116 
 ix
 LIST OF TABLES 
 
Table 1. Molecular weight cutoffs (MWCO) of regenerated cellulose dialysis tubings 
used to purify the 3-arm star PEGs. ......................................................... 22 
Table 2. Overview of analytical methods used to characterize the branched PEGs. 27 
Table 3. Kinetics of 10-arm star PEG5000 synthesis. .............................................. 47 
Table 4. β and κ-values from Figure 36 tabulated with pertinent protein parameters.
 ................................................................................................................ 77 
Table 5. Limitations of the proposed model. ............................................................ 94 
Table 6. Descriptive statistics on β-values of IgG precipitation by branched and linear 
PEG6000. .............................................................................................. 117 





A Length of Kuhn segment in nm 
a1 PEG-protein interaction coefficient in L/mol 




aprot Radius of protein (dissolved in semi-dilute polymer solution) in nm 
Area1, Area2 Integral area of GPC peaks 
ATRP Atom transfer radical polymerization 
BSA Bovine serum albumin 
BTI Bioprocessing Technology Institute 
c0 Concentration of PEG Kuhn segments in nm-3 
C1 Particle capacitance 
Ca Camp number 
CDCl3 Deuterated chloroform 
CH2CH2O Ethylene glycol (repeating unit of PEG) 
CHO Chinese hamster ovary 
Chy Chymotrypsin 
CNRS Centre National de la Recherche Scientifique 
cPEG, c, ω Concentration of PEG in %w/v 
Cu(I)Br Copper (I) bromide 
CuBr/Bpy Cu(I)Br-bipyridine complex 
Cyt c Cytochrome c 
d Protein-protein interaction coefficient in L/g 





DLS Dynamic light scattering 
Do Diffusion coefficient of infinitely diluted solute in nm2/s 
dprec Hydrodynamic diameter of precipitate in nm 
EBiB Ethyl 2-bromo-2-methylpropionate or ethyl-2-bromo isobutyrate 
ExPASy Expert Protein Analysis System 
 xi
f Translational Brownian friction coefficient 
F1 Free energy of depletion in J 
Fib Fibrinogen 
fn Functionality of branch point 
FPLC Fast protein liquid chromatography 
G Gibbs free energy in J 
g Gram 
g’ Branching factor (dimensionless) 
GMP Good manufacturing practice 
GPC Gel permeation chromatography 
h Factor to reduce degrees of freedom 
1H NMR Proton nuclear magnetic resonance 
H0 Null hypothesis 
H1 Alternative hypothesis 
HPLC High-performance liquid chromatography 
hr Hour 
HSA Human serum albumin 
IgG Immunoglobulin G 
IgM Immunoglobulin M 
J Joule 
K Kelvin 
K1, α Mark-Houwink constants 
k, k’, k1, k2, k3 Numerical constant 
kB Boltzmann constant in J/K 
kDa 103 Da 
KHMS  Kuhn-Mark-Houwink-Sakurada 
L Liter 
le Kolmogoroff length 
Lys Lysozyme 
M Molarity (mol/L) 
m, b Parameters for data fitting during model development 
m/z Mass-to-charge ratio 
mAb Monoclonal antibody 
[M]0 Initial monomer concentration 
[M]t Monomer concentration at time t 
MALDI-
TOF/TOF 
Matrix-assisted laser desorption/ionization tandem time-of-flight 
 xii
MEHQ 4-methoxyphenol 
MFT Mean field theory 
Min Minute 
mol Mole 
mPEG Methoxy PEG 
MW, Mr Molecular weight in Da or g/mol 
MWCO Molecular weight cutoff in Da 
Myo Myosin 
n Number of particles in mol, or number of independent experiments 
NA Avogadro constant in mol-1 




PBS Phosphate buffered saline 
PE Polyethylene 
PEG Polyethylene glycol 
PEG6000 Polyethylene glycol of average molecular weight 6000 Da 
PEG-MA PEG methacrylate 
pI Isoelectric point 
PLA Polylactic acid 
PMMA Poly(methyl methacrylate) 
ProA Protein A 
PSD Particle size distribution 
p-value Probability value 
PVA-PLA Polyvinyl alcohol – polylactic acid copolymer 
q Polymer-to-protein ratio 
rg Radius of gyration in nm 
rh Hydrodynamic radius in nm 
R Gas constant in J/K·mol 
R-COOH Terminal carboxylic acid 
RhD Rhesus D 
R-NH2 Terminal amino group 




s  Variance 
 xiii
S Concentration of soluble protein in mg/ml 
S1 Molarity of soluble protein in mol/L 
SCF Self-consistent field 
SDS-PAGE Sodium dodecyl sulfate - polyacrylamide gel electrophoresis 
SEC Size exclusion chromatography 
t Time in min or s 




%w/v Concentration in percent weight per volume, or  (% g)/ml 
%w/w Concentration in percent weight per weight, or (% g)/g 
Xi β-value measured in i th independent experiment 
X  Mean 
× g Multiple of gravitational force 
α-Lac α-lactalbumin 
-β Slope of semi-logarithmic solubility curve in log(mg/ml)/(%g/ml)  (No 
relation to β-globulin and β-amylase) 
βBr β-value of branched PEG 
βL β-value of linear PEG 
*
PEGρ  Minimum PEG concentration to induce liquid-liquid phase separation 
ξ Flory-Fox parameter 
γ&
 Strain rate in s-1 
γ
 Mean shear rate 
γ-globulin Gamma globulin 
[η] Intrinsic viscosity in cm3/g 
η Dynamic viscosity in mPa·s 
η0 Zero-shear viscosity in mPa·s 
ηPEG Dynamic viscosity of PEG solution in mPa·s 
ηrel Relative viscosity (dimensionless) 
ηsolvent, ηs Dynamic viscosity of solvent in mPa·s 
ηsp Specific viscosity (dimensionless) 
ηsp/cPEG Reduced specific viscosity in cm3/g 
κ Vertical intercept of semi-logarithmic solubility curve in log(mg/ml) 
τ
 Shear stress in mPa 
µ Chemical potential of protein in saturated solution in J/mol 
 xiv
µo Chemical potential of infinitely dilute protein in ideal solution in J/mol 
ω1 Molarity of PEG in mol/L 
~ Estimated 





1.1 Anything But Chromatography  
 
 Chromatography has long been the workhorse used to purify native and 
recombinant proteins.  The range and subtlety of bioseparation is vast, and it can be 
operated with high accuracy and precision.  On the other hand, chromatography is 
not a racehorse due to diffusion-limited transport, although this shortcoming can be 
alleviated at the process level through efficient platform design [Kelly, 2007] and 
continuous processing [Szepesya et al., 1975].  Other disadvantages of 
chromatography include costly equipment and materials, as well as technical 
problems like resin packing issues and leakage of ligands. 
 
While chromatography has been traditionally accepted as a necessary evil in 
downstream bioprocessing, there is underlying desire for alternative non-
chromatographic technologies that could provide a quantum leap in capacity and 
throughput.  Calls for ‘Anything But Chromatography’ (ABC) alternatives had 
intensified in the biopharmaceutical industry during 2006-2008, following earlier 
projections of rapidly increasing upstream titers and market demand of highly 
profitable therapeutic monoclonal antibodies (mAb) [BCC Marketing, 2005; 
LeadDiscovery, 2006; Levine, 2004].  The continued dominance of chromatographic 
steps in industrial mAb purification [Birch and Racher, 2006 (Lonza); Fahrner et al., 
2001 (Genentech); Ishihara and Kadoya, 2007 (Kirin); Kelley, 2007 (Wyeth 
BioPharma); Shukla et al., 2007 (Amgen)] had further encouraged the perception of a 
serious downstream bottleneck.  In particular, the Protein A chromatography-based 
capture step [Huse et al., 2002] was singled out as the key debottlenecking target, 
due to heavy purification load, large buffer volume and very high cost [Birch, 2007; 
Gottschalk, 2007].  
 
1.2 Protein Precipitation by Polyethylene Glycol (PEG) 
  
One ABC alternative is protein precipitation, the oldest practical way to 
separate different proteins from a solution mixture [Bjurstrom, 1985].  Despite it’s 
age, precipitation remains a popular method to separate proteins, particularly for 
concentration and coarse separation in the first step of a purification train.  
Precipitation has also been proven at industrial scales in the plasma processing 
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industry.  The Cohn fractionation process, a 1940s selective precipitation technology, 
is still being used by GMP plants to process ~500 tons of HSA (human serum 
albumin) and ~80 tons IgIV (a type of immunoglobulin G) annually [Kelley, 2007; 
Martin, 2006].  In contrast, the other ABC alternatives are either not as scalable (e.g. 
crystallization) or lack industrial track record (e.g. liquid-liquid extraction) [Low et al., 
2007]. 
 
In terms of cost and product safety, non-affinity precipitants are more 
attractive [Patchornik and Albeck, 2006], and among these, non-ionic polymers are 
preferred as they stabilize proteins, are non-corrosive (unlike ammonium sulphate) 
and could be used at ambient temperatures [Bell et al., 1983].  While both dextran 
and PEG are commonly used, PEG has better industrial potential as it has lower 
intrinsic viscosity than dextran [Polson et al., 1964].  In addition, PEG is highly 
biocompatible [Bailey and Koleske, 1991; Bell et al., 1983] and does not interact 
directly with proteins [Iverius and Laurent, 1967; Polson et al., 1964].   
 
Protein precipitation by PEG has been reported since the 1950s [e.g. 
Stocking, 1956].  Mechanistically, the phenomenon could be interpreted through the 
theories of attractive depletion [Asakura and Oosawa, 1958] and excluded volume 
[Iverius and Laurent, 1967; Polson, 1977].  These steric mechanisms affect large 
proteins more than smaller proteins, which explain why large proteins are 
preferentially precipitated by lower concentrations of smaller PEGs.  Typically, the 
small proteins can only be precipitated by high concentrations of large PEGs [Atha 
and Ingham, 1981; Polson et al., 1964].  This attribute enables bioseparation by size, 
and is particularly suitable for the recovery of mAb, one of the largest molecules in 
cell culture supernatants. 
 
Two problems need to be overcome for PEG-induced precipitation to become 
a commercially-viable ABC alternative.  Firstly, the required concentration of up to 20 
%w/v linear PEG4000-6000 (postscript refers to the average molecular weight) [Atha 
and Ingham, 1981; Juckes, 1971; Polson et al., 1964] results in process fluids of high 
viscosity, which in turn causes mass transfer and cleaning difficulties in unit 
operations like mixing, pumping, centrifugation and filtration.  Secondly, as the 
separation is sized-based, large impurities are usually co-precipitated with the target 
protein.   
 
 3
1.3 Project Objective 
 
 This project aimed to alleviate the problem of high viscosity.  Since the shape 
of PEG molecule affects solution (dynamic) viscosity, branching of the PEG chain 
would reduce intrinsic viscosity of the PEG molecule and thus lower the solution 
viscosity.  Potential benefits could include more efficient mass transfer and cleaning 
for unit operations like mixing, pumping, centrifugation and filtration.  The use of 
branched PEG is not expected to encounter significant regulatory hurdles, since it’s 
chemical composition is highly similar to linear PEG, whose internal use in humans is 
highly established. 
 
The research novelty lies in the synthesis and application of branched PEG 
precipitants, in contrast to prevalent linear versions.  The experimental results are 
expected to provide fresh insights into the precipitation mechanism, leading to the 
development of a new scientific model. 
 
1.4 Research Methodology 
 
 The research methodology was structured around 3 milestones: PEG 
synthesis, precipitation studies, and model development. 
 
 PEG synthesis – A suitable branch type was identified by literature review.  
Various methodologies were developed to synthesize different-sized variants (4000-
9000 Da) of the selected branched type.  The characterization work on synthesized 
branched PEGs had focused on three aspects: identity, purity (>95 %w/w), and 
relevant physical properties (viscometric and hydrodynamic behaviours). 
 
Precipitation studies – After initial screening by immunoglobulin G (IgG) 
solubility, the most efficient branched PEG was selected as the model structure for 
further studies.  Using high-throughput micromethods, the effect of PEG branching 
on protein precipitation was elucidated by contrasting the branched PEGs to linear 
versions of equivalent molecular weights, in the context of specific protein recovery, 
solubility of purified proteins, precipitation selectivity and precipitation kinetics.   
 
 Model development and validation – The empirical observations were tapped 
to develop a scientific model.  This led to the formulation of a simple and practical 
numerical correlation to explain the effects of PEG branching, protein size and 
 4
environmental conditions.  The correlation was then compared to other models and 
empirical (mostly independent) solubility data. 
 
1.5 Thesis Organization 
 
Chapter 1 (Introduction) discusses recent mAb purification industry demand 
and the research opportunity which motivated this project.  This is followed by 
descriptions of the main hypothesis, research objective and methodology. 
 
Chapter 2 (Literature Review) surveys current literature relating to protein 
precipitation, PEG and protein precipiation by PEG.  The latter includes a summary 
of qualitative and quantitaitive models describing the phenomenon.  The different 
branching options are also discussed. 
 
Chapter 3 (Synthesis and Screening of Branched PEG) starts by selecting a 
suitable branching option.  The materials and methods to synthesize, characterize 
and screen various PEGs of the selected branched type are then presented.  This is 
followed by a summary of the characterization and screening results, the latter of 
which surfaces the model branched PEG for further precipitation studies in Chapter 
4. 
 
Chapter 4 (Effect of PEG Branching) describes the materials and methods, 
followed by results of comprehensive precipitation studies to elucidate the effect of 
PEG branching.  The studies include specific protein recovery from a real-world 
protein mixture, solubility of purified proteins, precipitation selectivity, and 
precipitation kinetics.   
 
Chapter 5 (Generalized Model Based on Hydrodynamic Radius) details the 
theoretical development of a generalized model that uses hydrodynamic radius to 
explain the effects of PEG branching, protein size, and environmental conditions.  
Comparisons of quantitative predictions by the proposed model with empirical data 
and other models are also shown in this section. 
 
Chapter 6 (Summary and Conclusion) closes the thesis with a summary of 




2. LITERATURE REVIEW 
 




Protein solubility, the amount of dissolvable protein, varies with the precipitant 
(concentration, size, shape and surface chemistry), protein (size, shape and surface 
chemistry) as well as environmental condition (temperature, pH, ionic strength).  This 
property is usually visualized using 2-dimensional solubility curves that plot the 
protein solubility against one of the variable, keeping the other parameters constant.   
 
Protein precipitation occurs when the protein solution is brought to a high 
level of supersaturation (precipitation zone), by adjusting one of the aforesaid 
variables.  The excess protein then separate from the solution as solid amorphous 




The precipitation process can be interpreted as a multistep formation of 
submicron particles, followed by aggregation of particles that can be broken up by 
shear forces [Glatz and Fisher, 1986].  Belter et al. [1988] and Harrison et al. [2003] 
have suggested more precise demarcations of the precipitation steps: (1) initial 
mixing to achieve homogeneity, (2) nucleation to form ultramicroscopic particles, (3) 
perikinetic growth governed by diffusion, (4) orthokinetic growth governed by fluid 
motion, and optional (5) “aging” to attain a stable particle size in a certain shear field.  
In practice, these steps overlap one another, exacerbated by fast kinetics and 
incomplete mixing. 
 
Step 1. Initial mixing – Mixing is required to improve homogeneity after the 
induction of protein supersaturation. Assuming homogeneous isotropic turbulence 
(mixing between randomly dispersed eddies is instantaneous, while mixing within 
eddies is diffusion-limited), the initial mixing step is expected to be controlled by the 
mean length of eddies (Kolmogoroff length le).  le is an increasing function of liquid 
density, liquid kinematic viscosity, and liquid volume.  On the other hand, le is a 
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decreasing function of agitator power.  A high solute diffusion coefficient will also 
reduce the mixing time [Bell et al., 1983]. 
 
Step 2. Nucleation – Nucleation refers to the generation of ultramicroscopic 
particles (~10-100 nm).  It is caused by protein association after removal of hydration 
or barriers to Brownian collision.  Factors affecting the nucleation rate may include 
charge adjustment and/or ion adsorption followed by Brownian collision [Bell et al., 
1983].  Overbeek [1977] has given the time for adjustment of the double layer 
structure to be in the order of 10-8 s.  If the double layer structure equilibrium involves 
adsorption of potential-determining ions, then the surface charge has to be adjusted 
and the time required for this adjustment may vary from 10-6 s to as high as 104 s 
[Overbeek, 1977].  The time required for Brownian collision may be described by 
Smoluchowski’s [1917] perikinetic growth theory.  According to Harrison et al. [2003], 
the nucleation rate increases exponentially up to the maximum level of 
supersaturation (supersaturation limit).  In the metastable zone (low supersaturation), 
a supersaturated solution may not nucleate for a long period, unless when the 
solution is mechanically shocked or when a seed crystal is introduced.  
 
Step 3. Diffusion-limited perikinetic growth – Immediately after nucleation, 
particle growth is governed by Brownian diffusion until a limiting particle size (~ 0.1-
10 µm) for high and low shear fields respectively.  The perikinetic rate constant is 
affected by diffusivity, particle size and solution dynamic viscosity (Stokes-Einstein 
relation). 
 
Step 4. Shear-limited orthokinetic growth – When the particles grow large 
enough (> ~ 1 µm), mixing is important in promoting collision-induced aggregation (or 
fragmentation), and precipitation thus becomes shear-limited.  The orthokinetic rate 
constant is an increasing function of shear rate, and is a decreasing function of 
kinematic viscosity (dynamic viscosity divided by density) [Bell et al., 1983; 
Smoluchowski, 1917].   
 
Step 5. Aging – Additional time is required for the particles to reach a stable 
size in a shear field, and the particle strength is related to the product of mean shear 
rate and aging time, t or Ca (Camp number).  A Ca of 104 to 105 typically enables 
attrition-resistant particles to be processed in pumps and centrifuges without further 





The rate-limiting step varies with the nature of protein, precipitating agent and 
operation conditions; it must be determined experimentally by kinetic studies.  For 
example, Lawson et al. [1987] has found initial mixing to be rate-limiting during cold-
precipitation of cryoimmunoglobulins, whereas others have pointed to the growth 
steps (perikinetic and orthokinetic growth) as the rate-limiters during isoelectric 
precipitation of soya proteins [e.g. Twineham et al., 1984, and references therein].  
Where precipitation occurs away from the protein isoelectric point, the nucleation and 
growth steps are more likely to be rate-limiting, since the electrical barrier around the 
particles would reduce the rate of association [Fuchs, 1964].  According to Bailey and 
Oillis [1986], the slower rate of subsequent aggregation may follow a first-order 
removal of smaller precipitate particles.  This is often achieved in a separate mixer, 
and the mixer residence time can be related to the reduction of precipitate particle 
concentration. 
 
Kinetic studies are normally used to improve control over precipitate size 
distribution, density and mechanical strength, so as to achieve (i) a large fraction of 
bigger precipitates (>1µm [Harrison et al., 2003]) to facilitate filtration or 
centrifugation, (ii) high particle density to reduce bulk volumes of the final dried 






 PEG has the general formula HO-(CH2CH2O)n-H.  Polymerised from ethylene 
oxide, PEG is also called polyethylene oxide (PEO).  Other alternative names include 
PEG-diol (to reflect it’s difunctionality), polyoxyethylene (POE) and CarbowaxTM (Dow 
Chemical Company).  Ethylene oxide can be polymerised by three methods, (i) acid 
or cationic initiation using Bronsted or Lewis acids, (ii) base or anionic initiation using 
metal alkoxides, and (iii) ionic coordinate initiation usually using alkaline earth or 
transition metal complexes [Ellis, 2000]. 
 
 A non-ionic amphiphilic polymer, PEG is soluble in both water and (to varying 
degrees) in many organic solvents including toluene, ethanol, acetone and 
chlorinated hydrocarbons.  PEG is insoluble in ethers and aliphatic hydrocarbons.  
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The ether oxygens spread along the length of PEGs are strong Lewis bases.  They 
form hydrogen bonds with water molecules, and thus contribute to PEG’s 
hydrophilicity.  The ethylene groups contribute a degree of hydrophobic character to 
the molecules.  Interestingly, the closely related poly(methylene oxide), 
poly(propylene oxide), and isomeric polyacetaldehyde are not soluble in water [Ellis, 
2000; Harris, 1992].  PEG has also been described as a flexible, non-polar polymer 
that can be stably compacted (random coiled) by intramolecular hydrophobic 
interactions, which logically results in less interactions with most other molecules 
[e.g. Hammes and Schimmel, 1967]. 
 
 Although stable in typical conditions, PEG is susceptible to oxidation when 
exposed to oxygen, UV light, heavy metal ions, or strong acids.  These agents 
promote the auto-degradation of PEG chain, forming hydroperoxides.  Degradation 
can also occur by mechanical means such as high shear.  It is preferable to use 
freshly prepared PEG and to store them over nitrogen, protected from the light, and 
in the cold.  The stability of aqueous solutions can be improved by the addition of 
isopropanol, ethanol, ethylene glycol, propylene glycol or manganese ion [Ellis, 2000; 
Harris and Zalipsky, 1997]. 
 
Chemical and structural modifications of PEG can be effected through it’s two 
terminal hydroxyl groups.  Caveat is that the functionality of the groups attached to 
PEG is often lower than those attached to low molecular weight (MW) analogues.  
The most widespread explanation is that the functional groups tend to be deactivated 
through hydrogen bonds with oxygen atoms on the PEG main chain.  This may be 
countered by performing chemical modifications in dilute solutions (10-2 mole/dm3) 




PEG is commercially available in sizes ranging from 300 to several million 
Daltons (Da).  Each batch of PEG inevitably contains molecules of heterogeneous 
sizes, and the oft-quoted postscript typically refers to the average MW in Da.  For 
example, ‘PEG6000’ has an average MW of 6000 Da, and could contain variants of 
sizes normally distributed from 5000 to 7000 Da [description of Fluka 81304 in 
www.sigmaaldrich.com].   
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PEG has many applications from industrial manufacturing to medicine.  
Perhaps the largest use of PEG is to control viscosity during paint and paper 
production [Karlstrom and Engkvist, 1997].  Being one of the most biocompatible 
polymer [Bailey and Koleske, 1991], PEG has also found applications in cell 
protection and preservation [Croughan and Wang, 1989; Neuzillet et al., 2006], 
protein PEGylation for drug efficacy improvements [e.g. Fee, 2007], as well as 
protein formulation and stabilization [Liu et al., 2005; Sharma and Kalonia, 2004; 
Wang, 1999]. 
 
 In the area of bioseparation, PEG has been applied in several closely-related 
ways: (i) aqueous two-phase separation [Albertsson, 1958 and 1970; Johansson 
1970a], (ii) modification of chromatography elution [Gagnon et al., 1996; Gagnon, 
2008; Snyder et al., 2009], (iii) protein crystallization [McPherson, 1976], and (iv) 
precipitation.  PEG’s attractiveness as a bioseparation agent or additive can be 
attributed to the following properties: 
• Promoter of protein stability – PEG has neither the tendency to denature nor to 
specifically interact with proteins at room temperature [Polson et al., 1964] and 
when present in high concentrations [Atha and Ingham, 1981; Ingham, 1984], 
unlike most organic agents (e.g. precipitants like ethanol and urea) and some 
metal ions.  The stabilizing effect of PEG on proteins at room temperature is 
typical of non-ionic polymers [Bell et al., 1983].  This is an important advantage 
given the complexity of chain folding, as it is impractical under industrial 
conditions to refold the protein to the original structure after purification. 
• Non-toxic – PEG is relatively non-toxic and could be readily cleared from the 
body [Bell et al., 1983]. 
• Benign to subsequent bioprocesses – A low level of residual PEG is harmless to 
many procedures.  Salting out, ion exchange, affinity chromatography, or gel 
filtration may be carried out without having to remove PEG beforehand [Scopes, 
1994].  Furthermore, PEG helps to prevent protein loss due to adsorption onto 
glass surface [Ingham, 1984]. 
• User friendly – PEG is non-flammable, non-corrosive and has a low vapor 
pressure [Ellis, 2000].  Since PEG solubility is relatively insensitive to 
temperature, strict temperature control is not required [Wheelwright, 1991].  
Compared to other water-soluble polymers like dextran yielding similar 
bioseparation outcomes, PEG solutions are less viscous [Polson et al., 1964]. 
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• Low cost and easy availability – PEG is relatively inexpensive [Ellis, 2000], and is 
commonly available. 
• Established track record – PEG has been used in GMP fractional precipitation of 
a variety of proteins, including human IgGs [Chun et al., 1967; Polson et al., 
1964]. 
 
PEG can be removed from protein mixtures by several methods: (i) protein 
adsorption on ion exchange resins, (ii) salt-induced phase separation, (iii) ethanol 
precipitation of proteins, and (iv) ultrafiltration [Bell et al., 1983; Busby and Ingham, 
1980a, 1980b; Ingham and Busby, 1980; Polson et al., 1964].  That said, PEG is 
generally harder to remove than salt or organic solvent; as a polymer it does not 
dialyze rapidly and conventional desalting columns may be ineffective.   
 
Nonetheless, it is noted that PEG4000 has been accepted by the U.S. Food 
and Drug Administration (FDA) as being safe for internal uses in humans [Harris, 
1985], e.g. in human plasma [Bell et al., 1983].  The assertion of biocompatible PEG 
can be applied to both linear and branched versions, given that their chemical 
makeups are very similar. Even if the PEG interacts or binds (pegylates) to the 
proteins through terminal carboxylic acid (R-COOH) and terminal amino (R-NH2) 
groups, regulatory hurdles are not expected since pegylated pharmaceutical products 
have already been approved by FDA. 
 
2.3 Protein Precipitation by PEG 
 
Reported since the 1950's [e.g. Stocking, 1956], precipitation by PEG is a 
common method for protein concentration and coarse bioseparation as the first step 
of a purification train.  In 1964, Polson et al. has examined protein precipitation by a 
variety of polymers and concluded that linear PEG6000 is the best precipitant.  Since 
then, up to 20 %w/v of linear PEG4000-6000 (post-script indicates the MW in Da) 
has been commonly used for protein precipitation [Arakawa and Timasheff, 1985a, 
1985b; Atha and Ingham, 1981; Foster et al., 1973; Haire et al., 1984; Hasko et al., 
1982; Ingham, 1977, 1978; Juckes, 1971; Knoll and Hermans, 1983; Lee and Lee, 
1979; Middaugh et al., 1979, 1980; Miekka and Ingham, 1978].   
 
Smaller proteins have to be precipitated by larger PEGs of higher 
concentrations.  These conditions are also necessary to enable substantial 
precipitation of large proteins.  The solubility of an IgG (γ-globulin) in 0.05-0.066 M 
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phosphate buffer (pH 7.0-7.2) has been reported to drop from 8 to 0.1 mg/ml in 10 to 
17.5 %w/v linear PEG4000 [Atha and Ingham, 1981], and from 9 to 0.2 mg/ml in 5 to 
15 %w/v linear PEG6000 [Polson et al., 1964].  Linear PEGs larger than 6000 Da 
may not precipitate better than linear PEG6000 [Atha and Ingham, 1981; Kumar et 
al., 2003; Polson et al., 1964], while insufficient protein concentration (e.g. < 0.2 
mg/ml IgG in < 15 %w/v linear PEG4000) will preclude protein precipitation.   
 
2.3.1 Mechanisms of PEG Interaction with Protein 
 
Excluded volume (PEG exclusion of protein)  
 
The steric exclusion of protein by PEG was first described by Iverius and 
Laurent [1967] at a time when many thought that PEG-protein interaction involves 
PEG-protein complexation.  PEG molecules in aqueous solution coil randomly and 
trap water (by hydrogen bonding between PEG ether oxygens and water molecules), 
thus behave like large heavily-hydrated molecules of low density [Polson, 1977].  At 
the same time, the hydrophobic PEG ethylene groups repel hydrophilic protein 
surface, hence the densely-packed PEG-rich phase (excluded volume) becomes 
impermeable to protein diffusion, forming a protein-rich phase.  In other words, PEG 
concurrently excludes proteins and competes with them for water [Lillford, 1988]. 
 
A dense solution of sufficiently large PEG dehydrates and concentrates the 
protein-rich phase to a supersaturation level, afterwhich the dehydrated proteins 
precipitate as a solid phase.  Larger PEGs occupy more excluded volume than 
smaller PEGs, and larger proteins are affected more significantly by the excluded 
volume effect than smaller proteins.  This explains why larger PEG precipitants are 
more efficient (on a molarity basis), while larger proteins are preferentially 
precipitated. 
 
Attractive depletion (protein exclusion of PEG) 
 
The attractive depletion interaction (also known as the Asakura-Oosawa or 
AO effect) was first described by Asakura and Oosawa [1958], who had integrated 
their earlier theory of osmotic pressures in (polymer-free) macromolecule (e.g. 
protein) solutions [Asakura and Oosawa, 1954].  When the proteins are close to each 
other, such that polymers cannot enter the space between the proteins, an 
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unbalanced osmotic force due to the surrounding polymers is created, tending to 
aggregate and precipitate the proteins. 
 
The magnitude of attractive force between the polymers is in the order of the 
osmotic pressure of polymer solution, whereas the range is in the order of protein 
diameter.  This effect is independent of any direct intra-protein interaction or 
energetic interaction between the polymer and proteins [Asakura and Oosawa, 
1958].  With higher PEG concentration, the increased osmotic pressure by PEG 
causes the protein-rich amorphous phase to become metastable and transforms it to 




Proteins have been reported to be preferentially hydrated in the presence of 
smaller (MW 400-1000) and dilute PEGs.  This is caused by a milder degree of the 
same steric exclusion mechanisms responsible for protein precipitation.  When the 
added PEG is too small and dilute to cause protein precipitation, the PEG is 
preferentially excluded from the protein surface due to the difference between water 
and PEG size [Schachman and Lauffer, 1949] and unfavorable charge interactions 
[Lee and Lee, 1981].  The preferential exclusion of PEG increases almost linearly as 
a function of PEG size in the range of 400-1000 Da, but decreases as PEG 
concentration increases [Arakawa and Timasheff, 1985a; Bhat and Timasheff, 1992; 
Lee and Lee, 1981; Shulgin and Ruckenstein, 2006]. 
 
The above hydration effect is related to PEG stabilization of proteins.  
However, the general rule of thumb – that protein hydration agents can also stabilize 
the native structure of globular proteins in aqueous solutions – cannot be applied 
simplistically to PEGs.  Arakawa and Timasheff [1985a] has viewed the effects of 
PEG on protein stability as a fine balance between two opposing factors, namely, the 
stabilizing effect due to PEG exclusion and destabilizing effect due to binding through 
hydrophobic interactions. 
 
The hydrophobicity of PEG is due to it’s ethylene groups.  In fact, some 
consider the PEG molecule as essentially non-polar [Hammes and Schimmel, 1967; 
Ingham, 1977].  PEG binds to hydrophobic sites on proteins at high concentrations, 
when PEG is able to penetrate the protein hydration layer.  PEG also binds more 
strongly to denatured proteins (with larger surface area) than to native ones, thus 
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stabilizing the denatured form.  That said, PEG is not expected to denature native 
proteins except under extreme conditions such as elevated temperatures.  The 
destabilizing effectiveness of PEG is not related to it’s molar concentration, but rather 
to the concentration of the ethylene glycol repeating unit [Arakawa and Timasheff, 
1985a]. 
 
2.3.2 Models on PEG Reduction of Protein Solubility 
 
Models based on volume exclusion 
 
 Earlier models of protein precipitation by PEG [e.g. Atha and Ingham, 1981; 
Foster et al., 1973; Juckes, 1971] are based on the excluded volume concept, and 
derived from the thermodynamic theory of Ogston and coworkers [Edmond and 
Ogston 1968; Ogston, 1962; Ogston and Phelps, 1961]. 
 
 By simplifying Ogston’s theory (Appendix A), Juckes [1971] proposed a semi-
logarithmic expression analogous to the Cohn [1925] salting-out equation  
κβωS log +−=  Eq. 1 
where S (mg/ml) is the protein solubility in the presence of ω (%w/v) of PEG.  β 
([log(mg/ml)]/%w/v) represents the precipitation efficiency, whereas κ [log(mg/ml)] 
depicts the intrinsic protein solubility in the absence of PEG.  Foster et al. [1973] has 
suggested adding a protein self-interaction term to Eq. 1 for high protein 
concentrations and when the solution pH is distant to the protein isoelectric point.  
This idea has never caught on, since Eq. 1 is adequate for typical conditions.   
 
Eq. 1 is validated by the apparent linearity of semi-logarithmic protein 
solubility data [Atha and Ingham, 1981; Juckes, 1971].  β is observed to increase with 
PEG size (leveling off at around 6000-10000 Da) and protein size.  This trend 
suggests that the dominant precipitation mechanism is primary entropic (e.g. volume 
exclusion or attractive depletion).  β is not affected by changes to the  environmental 
condition (e.g. temperature, pH, ionic strength), unless when the PEG or protein size 
is changed.  On the other hand, κ is controlled by environmental conditions, and is 
independent of PEG.  κ typically decreases with decreasing temperature, increasing 
ionic strength, and as the pH approaches the protein isoelectric point.  β and κ are 
independent of each other.  Having being validated, Eq. 1 asserts that the PEG-
protein interaction parameter is invariant over a broad range of protein and PEG 
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concentrations.  This attribute has been exploited by Middaugh et al. [1979, 1980] to 
estimate, by extrapolation, the thermodynamic activity of saturated protein solutions. 
 
To approximate β, geometric models of impenetrable spheres and rods have 
been proposed [Atha and Ingham, 1981; Chun et al., 1969; Edmond and Ogston, 
1968; Ogston, 1970].  These models have a tendency to overestimate β for larger 
proteins (>340 kDa) and smaller PEGs (<4000 Da), and incorrectly predict β as a 
decreasing function of PEG size [Atha and Ingham, 1981].  The limitations could be 
due to 
• Applying PEG radii measured in dilute conditions [Atha and Ingham, 1981], which 
essentially ignores the overlap between covolume radii in concentrated 
conditions [Tanford, 1961], and thus overestimates the PEG excluded volume.  
The effective exclusion size of PEG should be reduced for large and 
concentrated PEGs, where non-ideality is significant [Arakawa and Timasheff, 
1985a]. 
• Penetration of smaller PEGs into the protein-rich phase [Knoll and Hermans, 
1983], which reduces precipitation efficiency. 
• Occurrence of repulsive Columbic interactions that counteract the excluded 
volume effects, even when the proteins are near their isoelectric point, due to 
specific surface patches. 
• Complex interactions between the PEGs and proteins that include both hydrogen 
bonding and hydrophobic interaction [Winzor and Wills, 2006]. 
• Modification of the PEG-protein interaction term (equation for protein chemical 
potential) where the unit for PEG concentration is converted from molar to weight 
basis.  This results in a ‘numerical trap’ where β fallaciously becomes inversely 
proportional to PEG MW [Atha and Ingham, 1981]. 
 
Models based on attractive depletion 
 
The attractive depletion models generally claim better predictions than 
volume exclusion models.  Mahadevan and Hall [1990] have developed a statistical 
mechanical model that uses perturbation theory with the addition of an electrostatic 
term to the intermolecular potential.  Their model treats both PEG and proteins as 
spheres, and correctly predicts the observed protein solubility trends with regards to 
PEG and protein size, as well as pH and ionic strength.  Limitations of the model 
include a lack of quantitative agreement with solubility data, as well as restricted 
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application to protein-PEG diameter ratio of 2.5 to 10 and (in principle) to globular 
proteins only.  Subsequently, the theoretical predictions have been adjusted by a 
parameter representing the intrinsic protein solubility and the protein-PEG diameter 
ratio fitted to data obtained near the isoelectric point (to eliminate the electrostatic 
terms).  However, these efforts are still unable to elicit universal quantitative 
agreement with empirical data [Mahadevan and Hall, 1992]. 
 
Meijer and Frenkel [1991] have simulated polymer-induced attraction by 
computing two and three-body contributions to polymer-induced entropic interaction 
between hard-sphere colloidal particles.  They have found that two-body contribution 
grossly overestimates the tendency of the colloid to cluster long polymers (even at 
low polymer concentrations), and that three-body contribution is repulsive.   
 
Colloidal models (e.g. square-well, adhesive hard sphere, Yukawa) are able 
to predict the observed phase behavior of globular proteins, with respect to a 
metastable liquid-liquid phase separation.  The downside is that the potential 
parameters in these models do not have clear physical meanings, and are thus 
difficult to link with practical variables like PEG size and ionic strength [Brandon et 
al., 2006; Hagen and Frenkel, 1994; Lutsko and Nicolis, 2005; Pagan and Gunton, 
2005]. 
 
More recently, Li et al. [2008] used a Y-shaped 4-site model to specifically 
mimic IgG shape (4 spheres to correspond to two Fab fragments, one Fc fragment 
and a smaller hinge region).  The interaction potential between protein molecules 
consists of an Asakura-Oosawa depletion potential (due to PEG addition) and a 
Derjaguin-Landau-Verwey-Overbeek type potential (sum of an attractive van der 
Waals interaction and a repulsive electrostatic interaction) [Derjaguin and Landau, 
1941; Verway and Overbeek, 1948].  An interesting aspect of Li’s model is the non-
monotonic dependence of critical polymer concentration  (the minimum polymer 
concentration needed to induce liquid-liquid phase separation) on polymer-to-protein 
ratio q, in the form of ~[q/(1+q)3].  This contrasts with the monotonic behavior of 
simple potentials, and is suggestive of competition between the range and strength of 
depletion interaction on phase separation. 
 
According to Li [by correspondence], his model applies more to protein 






potentials in Li’s model are interpreted in terms of PEG-protein distance.  This 
parameter is difficult to measure during protein precipitation, the latter which is 
characterized by fast kinetics, concentrated solutions, random intermolecular 




Figure 1. Solubility curves describing protein crystallization and precipitation. 
 
Nonetheless, Li’s model provides a valuable insight, in that the depletion 
potential typically dominates in PEG-protein systems.  One can thus deduce that the 
neglect of Columbic and van der Waals potentials would not seriously compromise 
the ability of a model to predict general cases (no specific interactions between PEG 
and protein).  If so, a simple depletion potential-based model may sufficiently 
describe the effects of PEG branching. 
 
Depletion model simplified by mean field theory 
 
A complex combinatorial many-body problem can be reduced by mean field 
theory (MFT) or self-consistent field (SCF) theory into an effective one-body problem.  
This is done by replacing all interactions of any one body with an average or effective 
interaction, such as polymer depletion by a nanosphere (protein) in a semi-dilute 
polymer solution.  The chemical potential of a protein dissolved in polymer solution 
can then be related to the free energy of depletion involved in solubilising the protein. 
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Following the arguments introduced by de Gennes [1979a] on excluded-
volume of polymeric Kuhn segments, Odijk [2009] interprets the depletion of polymer 
by protein (immersed in a semi-dilute polymer solution) in terms of depleted polymer 
Kuhn segments.  He then derives the free energy for general-shaped protein in terms 
of capacitance or effective Stokes radius, which results in a practical relation that 
describes the effect of polymer and protein size on β (Eq. 1).  Odijk’s model forms the 
basis for the theoretical work in this thesis. 
 
2.4 PEG Branching 
2.4.1 Branching Options 
 
All branched polymers may be classified as one of three types – star, comb 
and dendrimer – or as variants, like umbrella/fork (star) [Fuke et al., 1994; Li et al., 
2007], H-shaped (comb) [Truelsen et al., 2002], and hyperbranched (dendrimer) 
[Frechet, 1994].  This section reviews these three branching types relative to 
viscometric behavior, and includes references to PEG as well as chemically-similar 




Figure 2. Schematic of a 4-arm star polymer. 
  
Star polymers (e.g. Figure 2) consist of arms emanating from a central ring or 
core group [e.g. Breitenbach et al., 2000; Gnanou et al., 1988; Huang et al., 2004; 
Hwang et al., 2004; Lu et al., 2007].  Since there is scarce information on the 
viscometric behavior of star-branched PEG, reference is made to star-branched 
versions of a similar polymer – polyethylene (PE).  Scorah et al. [2006] have shown 
that as the size of star PE increases, the relative difference in intrinsic viscosity 
compared to a linear PE of the same MW decreases.  The longer branches in larger 
branched PEs are expected to increase the number of entanglements per branch.  
Notably, the intrinsic viscosity of 6-arm star PE-65000 (postscript represents the 
average MW) is found to be approximately half of it’s linear homologue.  By 
extrapolating this trend to lower MW, a star-branched PE of MW <65000 Da with 
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more than 6 arms could yield an intrinsic viscosity of <50% compared to it’s linear 
homologue. 
 
 According to Fetters et al. [1993], for star polymers of fn > 4 (where fn = 
functionality of branch point = number of chains attached to branch point), the total 
star MW does not influence viscosity; only the arm MW does.  If the y-axis in Figure 3 
could be taken as an arbitrary indicator of viscosity, then at fn > 10, the viscosity 
reduction with further branching becomes insignificant.  In addition, excessive 
branching could overtly reduce the polymer effective radius and excluded volume, 
leading to poor precipitation yields.  In other words, there appears to be a ‘rule of 
diminishing returns’ with respect to viscosity reduction when fn > 10. 
 
 





Figure 4. Schematic of a comb polymer. 
  
 19
Comb polymers have branches that extend normally from a polymeric 
backbone (Figure 4), and is typically synthesized using “grafting” techniques [e.g. 
Chen et al., 2003, 2005; Flat, 2007; Srividhya et al., 2006].  Like the case for star 
PEGs, the viscometric behavior of comb PEGs is scarcely reported.  Thus, reference 
is made to reported intrinsic viscosity (obtained by static light-scattering analysis) of a 
comb-shaped copolymer, polyvinyl alcohol (PVA) polylactic acid (PLA); the backbone 
is PVA-PLA, whereas the main arm is PLA, occurring at every 6th carbon 
[Breitenbach et al., 2000].  The report hints at increasing effect on intrinsic viscosity 
with increasing MW.  By extrapolating Breitenbach et al.’s data to lower MW, one can 
deduce that significant reductions (>2x) of intrinsic viscosity starts at a MW of 




 A dendritic polymer consists of molecular chains that are branched out from a 
common center (Figure 5).  This reduces entanglement between the branches and 
lowers intrinsic viscosity especially at higher MWs [Frechet, 1994].  Dendritic 
polymers can be synthesized by anionic, cationic and free radical polymerization 
[Hult et al., 1999].   
 
 
Figure 5. Schematic of a dendritic polymer. 
  
 Significant reduction of intrinsic viscosity (> 10x) can occur only at very high 
MW ranges of approximately >100,000 Da [Gauthier and Moller, 1991; Hempenius, 
1997].  The reverse trend is expected for low MW dendrimers [Frechet, 1994], 
suggesting that dendritic branching might not effectively reduce the viscosity of 
PEGs suitable for protein precipitation (~4000-6000 Da [Atha and Ingham, 1981; 
Polson et al., 1964]).  Furthermore, the synthesis of monodisperse dendrimers is 
elaborate and time-consuming.  While polydisperse hyperbranched polymers are 
easier to synthesize, they inevitably contain defects (e.g. built-in linear regions) [Hult 
et al., 1999]. 
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2.4.2 Other Considerations 
 
Critical branch density 
 
 A model has been proposed by Janzen and Colby [1999] to describe the 
effect of branch density (number of branches per chain) on zero-shear viscosity, η0 (a 
measure of dynamic viscosity).  At constant molecule MW, an increasing trend in η0 
is expected at low branch density where the branches are more spread out.  Beyond 
a critical branch density, the trend reverses.  The main limitation of this model is that 
it does not explicitly account for the type of branching.  Nonetheless, we can expect 





 According to Scorah et al. [2006], the size of a branched polymer has two 
opposing effects on viscosity.  First, at a lower MW, branching decreases extension 
of the molecule, thus reducing chain entanglements.  Second, beyond a critical MW 
(constant number of branches), the branches themselves become long enough to 
entangle with each other, potentially leading to a higher viscosity than the linear 
homologue.  That said, the review in previous sections suggests that the critical MWs 
for various branching options are likely to be significantly higher than the MW range 
suitable for optimal protein precipitation (~4000-6000 Da [Atha and Ingham, 1981; 




Any modifications to the PEG precipitant should avoid resultant terminal 
carboxylic acid (R-COOH) and terminal amino (R-NH2) groups, as these reactive 
groups would promote PEG-protein binding (PEGylation) [Veronese, 2001].   
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 Section 2.4.1 suggests that star branching of PEG precipitants would be as 
efficient in reducing viscosity as other branching options, at the optimal PEG sizes for 
protein precipitation (~4000-6000 Da).  Such sizes also preclude critical MW concerns 
(Section 2.4.2).  Futhermore, stars are the easiest to synthesize and are unlikely to be 
affected by critical branch density issues (Section 2.4.2).  With such a favorable 
proposition, star is chosen as the model branch type.  
 
A reasonable range to search for the optimal number of star arms is 3-10.  It falls 
between the estimated critical number for significant viscosity reduction (Figure 3) and 
the linear (2-arm) structure.  Within this range, the addition of each star arm should 
significantly reduce the intrinsic viscosity of a constant-MW PEG.  A potential tradeoff is 
the lowering of precipitation efficiency through diminished PEG excluded volume that 
comes with denser intramolecular packing.  Since the effect of PEG branching on 
viscosity vis-à-vis precipitation efficiency is expected to be monotonic (though not 
necessarily linear) within the range of 3-10 star arms, the screening of 3 and 10-arm star 
PEGs should provide adequate information to identify the model branched structure 
(bearing the optimal number of star arms) for futher studies. 
 
3.2 Materials and Methods 





Figure 6. Scheme to synthesize 3-arm star PEG, tri-poly(ethylene glycol) 1,3,5-
benzenetricarboxylate. 
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3-arm star PEGs of different sizes were synthesized by a condensation reaction 
linking suitably-sized PEG arms to a benzoic core (Figure 6).  This scheme involved the 
esterification of singlular hydroxyl group on methoxy PEG (mPEG) with acyl chloride 
groups on the trifunctional benzoic precursor (1,3,5-benzenetricarbonyl trichloride).  The 
reaction required mild conditions and thus avoided degradation of the PEG chain 
[Topchiyeva, 1990].  Triethylamine (TEA, Et3N) was added as a catalyst to push the 
reaction to completion by scavenging the condensation byproduct (H+Cl-), forming 
triethylamine hydrochloride salts (Et3N+HCl-) [Furniss et al., 1989].  Stoichiometric 
quantities of mPEGs of 1300, 2000 and 3000 Da were used to synthesize branched 
PEGs of approximately 4000, 6000 and 9000 Da respectively. 
 
As the target product was the largest molecule in the raw product mixture, 
dialysis was conveniently applied as the key purification step.  The molecular weight 
cutoffs (MWCO) (Table 1) were chosen based on commercial availability of dialysis 
tubings and size of the target product. 
Table 1. Molecular weight cutoffs (MWCO) of regenerated cellulose dialysis tubings 
used to purify the 3-arm star PEGs. 
 
Theoretical Size* 
of Target Product (Da) Main Impurities Dialysis MWCO
#
 
4056 2-arm PEG2600, mPEG1300 3500 
6156 2-arm PEG4000, mPEG2000 7000 
9156 2-arm PEG6000, mPEG3000 10000 
* Benzoic precursor (265.5 Da) plus 3x mPEG arms, minus 3x HCl (condensation 
by-product). 
#
 Approximate MW of smallest species completely retained by the dialysis 
membrane. 
 
Synthesis protocol for 3-arm star PEG4000 
 
Drying of glassware and chemicals – All glassware (including glass pipettes) 
were oven-dried at 100oC for 8 hr.  TEA (Sigma-Aldrich) was dried for at least 16 hr 
using activated molecular sieves (Merck).  In dry nitrogen atmosphere, 12.0 g (9.23× 10-
3
 mol) of mPEG1300 (Advanced Polymer Materials Inc.) was dissolved in 400 ml of dry 
toluene and azeotropically distilled at 145oC for 48 hr.  Subsequently, the toluene was 
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removed through distillation at 150oC, and the dried mPEG1300 was redissolved in 400 
ml of dry dichloromethane (DCM). 
 
Reaction – 2.0 ml (1.43 10-2 mol) of dry TEA was added to the dry mPEG 
solution, followed by a solution of 0.858 g (3.23× 10-3 mol, 5 % excess) 1,3,5-
benzenetricarbonyl trichloride (Sigma-Aldrich) in dry DCM to start the reaction.  The 
reaction mixture was then refluxed at 52oC for 48 hr in dry nitrogen atmosphere. 
 
Work-up – The reaction mixture was cooled to ambient temperature. DCM was 
then removed by evaporation, and the remaining polymeric slurry was precipitated in 
hexane.  The raw product was vacuum dried, redissolved in 150 ml ultrapure water, and 
thereafter loaded into a dialysis tubing of MWCO 3500 Da (Pierce) to be dialysed over 3 
days against regular changes of ultrapure water totaling a minimum of 50x dialysate 
volume.  After dialysis, the ultrapure water was removed by high vacuum, and the 
remaining polymeric slurry was redissolved in DCM to be dried by anhydrous sodium 
sulphate.  Subsequently, the sodium sulphate was removed by filtration and the DCM 
was removed by evaporation.  The remaining product was later precipitated in hexane, 
then filtered.  This drying-precipitation procedure was repeated twice before drying the 
precipitate at 45oC for 8 hr.  The dried product weighed 6.62 g, corresponding to a final 
yield of 53.0 %. 
 
Synthesis protocol for 3-arm star PEG6000 
 
Drying of glassware and chemicals – All glassware (including glass pipettes) 
were oven-dried at 100oC for 8 hr.  TEA (Sigma-Aldrich) was dried for at least 16 hr 
using activated molecular sieves (Merck).  In dry nitrogen atmosphere, 12.0 g (6.00 10-
3
 mol) of mPEG2000 (Sigma-Aldrich) was dissolved in 400 ml of dry toluene and 
azeotropically distilled at 145oC for 48 hr.  Subsequently, the toluene was removed 
through distillation at 150oC, and the dried mPEG2000 was redissolved in 400 ml of dry 
dichloromethane (DCM). 
 
Reaction – 1.3 ml (9.33 10-3 mol) of dry TEA was added to the dry mPEG 
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benzenetricarbonyl trichloride (Sigma-Aldrich) in dry DCM to start the reaction.  The 
reaction mixture was then refluxed at 52oC for 48 hr in dry nitrogen atmosphere. 
 
Work-up – The reaction mixture was cooled to ambient temperature. DCM was 
then removed by evaporation, and the remaining polymeric slurry was precipitated in 
hexane.  The raw product was vacuum dried, redissolved in 150 ml ultrapure water, and 
thereafter loaded into a dialysis tubing of MWCO 7000 Da (Pierce) to be dialysed over 3 
days against regular changes of ultrapure water totaling a minimum of 50x dialysate 
volume.  After dialysis, the ultrapure water was removed by high vacuum, and the 
remaining polymeric slurry was redissolved in DCM to be dried by anhydrous sodium 
sulphate.  Subsequently, the sodium sulphate was removed by filtration and the DCM 
was removed by evaporation.  The remaining product was later precipitated in hexane, 
then filtered.  The drying-precipitation procedure was repeated twice before drying the 
precipitate at 45oC for 8 hr.  The dried product weighed 7.18 g, corresponding to a final 
yield of 58.3 %. 
 
Synthesis protocol for 3-arm star PEG9000 
 
Drying of glassware and chemicals – All glassware (including glass pipettes) 
were oven-dried at 100oC for 8 hr.  TEA (Sigma-Aldrich) was dried for at least 16 hr 
using activated molecular sieves (Merck).  In dry nitrogen atmosphere, 12 g (4.00 10-3 
mol) of mPEG3000 (Advanced Polymer Materials Inc.) was dissolved in 400 ml of dry 
toluene and azeotropically distilled at 145oC for 48 hr.  Subsequently, the toluene was 
removed through distillation at 150oC, and the dried mPEG3000 was redissolved in 400 
ml of dry dichloromethane (DCM). 
 
Reaction – 0.9 ml (6.46 10-3 mol) of dry TEA was added to the dry mPEG 
solution, followed by a solution of 0.372 g (1.40 10-3 mol, 5 % excess) 1,3,5-
benzenetricarbonyl trichloride (Sigma-Aldrich) in dry DCM to start the reaction.  The 
reaction mixture was then refluxed at 52oC for 48 hr in dry nitrogen atmosphere. 
 
Work-up – The reaction mixture was cooled to ambient temperature. DCM was 
then removed by evaporation, and the remaining polymeric slurry was precipitated in 
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thereafter loaded into a dialysis tubing of MWCO 10000 Da (Pierce) to be dialysed over 
3 days against regular changes of ultrapure water totaling a minimum of 50x dialysate 
volume.  After dialysis, the ultrapure water was removed by high vacuum, and the 
remaining polymeric slurry was redissolved in DCM to be dried by anhydrous sodium 
sulphate.  Subsequently, the sodium sulphate was removed by filtration and the DCM 
was removed by evaporation.  The remaining product was later precipitated in hexane, 
then filtered.  The drying-precipitation procedure was repeated twice before drying the 
precipitate at 45oC for 8 hr.  The dried product weighed 8.74 g, corresponding to a final 
yield of 71.8%. 
 




Figure 7. Scheme to synthesize 10-arm star PEG. 
 
10-arm star PEG was synthesized by atom transfer radical polymerization 
(ATRP) [Matyjaszewski and Xia, 2001] (Figure 7).  This scheme employed mild 
conditions and thus avoided degradation of the PEG chain [Topchiyeva, 1990].  The 
haloester initiator, ethyl 2-bromo-2-methylpropionate (or ethyl-2-bromo isobutyrate, 
EBiB) was reacted with suitably-sized PEG arms or ‘monomers’ (PEG methacrylate, 
PEG-MA).  The polymerization was catalysed by a transition-metal complex, Cu(I)Br-
bipyridine complex (CuBr/Bpy), during which the transition-metal underwent a one-
electron oxidation (reversible redox process) with concomitant abstraction of the halogen 
atom from the dormant initiator resulting in radicals (active species).  The monomer arms 
were then attached to the initiator in a manner similar to conventional radical 
polymerization.  The reaction was stopped when the unreacted monomer concentration 
had dropped to a pre-determined level.  Although the product molecule appears 
schematically like a comb polymer (Figure 7), it is effectively star-shaped in solution 
since every other backbone carbon from the terminal bromo group acts as a branch 
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point.  The clustered branch points constitute a pseudo core from which the branches 




Activation of PEG monomer – PEG-MA (Sigma) of MW 526 was passed through 
a column of activated neutral aluminum oxide (Alfa Aesar) (~4.5 cm3 bed volume, ~0.5 
barg) to remove the inhibitor, 4-methoxyphenol (MEHQ).  The flowthrough containing 
activated PEG-MA was then stored at 4oC for a maximum of 48 hr. 
 
Reaction – 113.3 mg (7.90 10-4 mol) of Cu(I)Br (Acros) and 246.8 mg (1.58
10-3 mol) of bipyridine (Merck) was added into a Schlenk flask.  Then, 4.99 g (9.48 10-3 
mol, 20% excess) of activated PEG-MA was dissolved in 24 ml of solvent (consisting 95 
: 5 volume-ratio of isopropyl alcohol to H2O); the solution was added to the Schlenk 
flask, followed by 0.5 ml of anisole (Sigma).  The reaction was started by adding 154.4 
mg (7.90 10-4 mol) of EBiB (Sigma-Aldrich) and the reaction mixture was bubbled with 
nitrogen for 225 min at ambient temperature.   
 
Work-up – After 225 min of reaction, 10 ml of tetrahydrofuran (THF) was added 
into the Schlenk flask.  The product mixture was passed through a column of activated 
neutral aluminum oxide (Alfa Aesar) (~0.5 barg pressure, ~4.5 cm3 bed pre-wetted with 
THF), and the flowthrough product was then dried by evaporation.  The remaining 
polymeric slurry was precipitated in hexane, vacuum dried, redissolved in ultrapure 
water, and thereafter loaded into a dialysis tubing of MWCO 3500 Da (Pierce) to be 
dialysed over 3 days against regular changes of ultrapure water totaling a minimum of 
50x dialysate volume (relative to the estimated dialysis retention volume of 55.5 ml).  
Subsequently, the ultrapure water was removed by high vacuum.  The remaining 
polymeric slurry was redissolved in DCM and dried with anhydrous sodium sulphate.  
After removing the sodium sulphate by filtration and evaporating the DCM, the remaining 
product was precipitated in hexane and then filtered.  The drying-precipitation procedure 
was repeated twice before drying the precipitate at 45oC for 8 hr.  The dried product 
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3.2.3 Characterization of Branched PEGs 
 
Overview of analytics 
  
Collectively, the analytics shown in Table 2 aimed to examine three key aspects 
of synthesized branched PEGs: identity, purity and physical properties relevant to this 
thesis. 
 
Table 2. Overview of analytical methods used to characterize the branched PEGs. 
 
Analytical Method Product Attribute 
NMR (1H, 13C) Identity by relative abundance of functional groups 
GPC Identity by GPC retention time; Purity 
MALDI-TOF/TOF Identity by molecular weight 
Dynamic light scattering Hydrodynamic radius 




1H NMR (Proton nuclear magnetic resonance) – 20 mg of each dried PEG 
sample was dissolved in 3 ml CDCl3 (Cambridge Isotope Laboratories) and transferred 
to a borosilicate glass NMR tube.  1H NMR was conducted in a Bruker UltraShield 
Avance 400SB (400.23MHz) spectrometer using a 5 mm Bruker’s Tuneable Multinuclear 
(BBO) MAS probe.  The spectra were measured at 27o flip angle, 1 s pulse repetition 
time and 0.185 Hz digital resolution.  A line-boarding of 0.3 Hz was used to improve the 
signal-to-noise ratio.  CDCl3 peak in the spectra was identified and set at 7.26 ppm 
[Gottlieb et al., 1997] as the axis calibration standard for chemical shift.  The sample 
peaks were then identified based on their respective chemical shifts by comparing to 
published standards [ChemBioDraw Ultra 11.0 (CambridgeSoft); Gottlieb et al., 1997; 
Rahman, 1986; SBDS Database http://riodb01.ibase.aist.go.jp/sdbs].  All data were 
processed on a PC computer using Topspin 2.1 software (Bruker). 
 
13C NMR (Carbon-13 nuclear magnetic resonance) – 20mg of each dried PEG 
sample was dissolved in 3ml CDCl3 and added to a borosilicate glass NMR tube.  13C 
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NMR was measured with Bruker UltraShield AVANCE 400SB (400.23MHz) 
spectrometer using a 5 mm BBO MAS probe.  The spectra were measured at 90o flip 
angle, 2 s pulse repetition time and 0.366 Hz digital resolution.  A line-boarding of 1.0 Hz 
was used to improve the signal-to-noise ratio.  The peaks were identified based on their 
respective chemical shifts by ChemBioDraw Ultra 11.0 (CambridgeSoft).  All data were 
processed on a PC computer using Topspin 2.1 software (Bruker). 
 
MALDI-TOF/TOF (Matrix-assisted laser desorption/ionization tandem time-of-
flight) – 25 mg/ml (3.5 mg/ml for 3-arm star PEG9000) samples in dichloromethane were 
applied onto a MALDI target plate, 384 opti-TOF 123 mm x 81 mm SS (Applied 
Biosystems) using 1,8,9-anthracenetriol (dithranol) as matrix and a multiple-layer 
spotting method recommended by Meier and Schubert [2003].  First, 0.5 µl of 50 mM 
dithranol (Alfa Aesar) in chloroform/ethanol (1:1) was spotted on the MALDI target.  The 
second layer was 0.5 µl of saturated NaCl solution, followed by 0.5-0.7 µl of PEG 
sample as the third and final layer.  Each new layer was applied onto the previous layer 
only after the latter was completely dry.  All MALDI-TOF/TOF experiments were carried 
out using the AB SCIEX TOF/TOF 5800 mass spectrometer (Applied Biosystems).  
Ionization was done with a diode-pumped solid state 349 nm on-axis laser and all 
spectra were obtained in positive ion mode.  Linear PEGs (Sigma) were used as 
reference standards.  All data were analyzed on a PC computer using the TOF/TOF 
Series Explorer 4.0.0 software (Applied Biosystems), then exported and re-processed 




Analytical gel permeation chromatography (GPC) – 50 mg of polymer was slowly 
dissolved in 3 ml of THF over 16 h and then filtered.  GPC measurements were 
conducted at a flowrate of 0.3 ml/min at 40oC, using a HPLC system comprising of 
Styragel GPC columns arranged in series (guard, HR5E (×2, 4.6mm ID × 300 mm), HR1 
and HR0.5), Waters 515 pump, 717 plus autosampler, and 2414 refractive-index 
detector.  HPLC grade THF was used as the eluent, and different calibration standards 
(PEG, PMMA, polystyrene) were used.  The integral peak ratio (a molar ratio) was used 
to calculate product purity by weight, assuming that the bulk of the impurities were 
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unreacted mPEGs.  All data were processed on a PC computer using Empower 5.00 
software (Waters). 
 
Hydrodynamic and viscometric behaviours 
 
Dynamic light scattering – A solution of 8 mg/ml sample in 1x PBS (137 mM 
sodium chloride, 2.7 mM potassium chloride, 10 mM disodium hydrogen phosphate and 
1.8 mM potassium dihydrogen phosphate) was equilibrated for 16 hr, followed by 
sonication at 45oC at 1 hr.  1 ml of each sample was added into a single-use polystyrene 
sizing cuvette (Malvern), then loaded into Zetasizer Nano (Malvern) and thermosated to 
the required temperature before dynamic light scattering (DLS) measurements were 
conducted.  The refractive index of PEG4000-6000 was inferred to be 1.469 using data 
available from http://www.hoomanshimi.com/peg.php (Hooman Shimi Chemical).  In the 
intensity particle size distribution (PSD), the peak with lowest hydrodynamic radius was 
assumed to represent the unaggregated particle.  The reported hydrodynamic radii were 
averaged from three DLS measurements.  All data were processed on a PC computer 
using Zetasizer 6.12 software (Malvern).   
Note on physical basis of using DLS – DLS measures Brownian motion and relates this to the 
size of the particles. It does this by illuminating the particles with a laser and analyzing the 
intensity fluctuations in the scattered light; small particles move quickly and large particles move 
more slowly. The inverse-proportionality between the size of a particle and it’s diffusivity due to 
Brownian motion is defined by the Stokes-Einstein equation. DLS can be conveniently performed 
using the Malvern Zetasizer, a commonly available equipment. 
 
Note on PSD of DLS – According to Malvern [www.malvern.co.uk], the primary PSD from DLS 
measurement is based on the intensity of light scattered by the particles.  Transformation from 
intensity-PSD to volume or number-PSD requires the assumption that all particles are spherical, 
homogeneous and of equivalent density, and requires the knowledge of optical properties 
(refractive index and absorption).  As DLS tends to overestimate peak width when transforming 
intensity-PSD to volume or number-PSD, Malvern recommends that the intensity-PSD should be 
used to report the particle size, and that the volume and number-PSD should only be used for 
estimating relative amounts of material in separate peaks. 
 
Rheometry – 8 ml of aqueous PEG solution was loaded into a double gap 
measuring system (DG26.7) (Anton Paar).  The dynamic viscosity (η) was measured 
using a rotational rheometer, Physica MCR501 (Anton Paar) with the sample 
thermostated to required temperature.  η was apparently constant in the shear rate 
interval of 27-500 s-1, taken as the Newtonian range, where shear stress ( ) should be 
proportional to strain rate ( ), hence η = τ / γ& = constant = zero-shear viscosity.  The 
reported η values were averaged from at least 5 measurements in this apparent 
τ
γ&
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Newtonian range.  All data were processed on a PC computer using Rheoplus-32 2.81 
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 was obtained by extrapolating the linear 
regressed curve of reduced specific viscosity (ηsp/cPEG) against PEG concentration (cPEG) 
to the limit of infinitely low cPEG [Flory, 1953].  To prevent the precipitated proteins from 
interfering with delicate rheometric measurements, only the viscosity of pure PEG 
solutions were measured and used to provide an indication of the viscosity of the PEG-
protein mixtures. 
 
3.2.4 Screening of Branched PEGs 
  
Obtain purified IgG – CHO-IgG supernatant was purified by FPLC (Amersham) 
using rProtein A MabSelect SuRe (GE Healthcare) (purity ~98 %).  The isoelectric point 
of the IgG was estimated to be 8.7 from amino acid sequence using 
http://au.expasy.org/tools/pi_tool.html). 
  
Preparation of protein and PEG stock solutions – The purified IgG (originally in 
0.1 M Glycine-hydrochloric acid) was concentrated and buffer exchanged to 1x PBS 
using Sartoflow Slice 200 Benchtop crossflow filtration system (Sartorius) installed with a 
0.02 m2 hydrosart Sartocon ultrafiltration cassette (Sartorius) of 30 kDa MWCO, at a 
pump rate of 400 ml/min and transmembrane pressure of ~1.0 bar.  The 1x PBS had 
been pre-adjusted to the IgG pI of 8.7 using sodium hydroxide.  The PEG stock solutions 
were prepared by dissolving the PEGs in the same buffers as IgG stock solution. 
 
 Precipitation and analysis – 40-100 µL of the protein solution and equi-volume of 
PEG stock (or buffer for blank) were pipetted into designated wells of a polypropylene 
PCR microplate (USA Scientific), resulting in precipitation mixtures consisting of 4.0 
mg/ml IgG in various PEG concentrations.  The microplate was sealed with an adhesive 
film (Scientific Specialties Inc) and rigorously rocked on a microplate votexer (Scientific 
Industries) for 16 hr, followed by centrifugation at 3000x g for 45 min at the experimental 
temperature.  The precipitate supernatants were quickly removed in a careful manner to 
avoid disturbing the precipitate pellets.  Since the IgG was pre-purified, it's concentration 
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was taken as equivalent to total protein concentration by Bradford assay.  The reported 
protein solubility (S in mg/ml) were averaged from 3 independent experiments. 
 
Bradford Assay – 10 µL of each IgG standard or unknown sample was pipetted 
into designated wells of a polystyrene microplate (Nunc), followed by 300 µL of Bradford 
reagent (Pierce).  The microplate was sealed with an adhesive film (Scientific Specialties 
Inc) and rigorously rocked on a microplate votexer (Scientific Industries) for 10 min at 
ambient temperature.  Absorbance at 595 nm (A595) was obtained using a microplate 
reader (Tecan), and the average A595 of the blanks (solvent) was subtracted from A595 of 
each standard and sample.  The blank-corrected standard A595 data were subsequently 
regressed to a calibration curve using either Excel (Microsoft) or TableCurve 2D 5.01 
(Aspire Software International).  The blank-corrected sample A595 data were scored 
against this calibration curve to estimate the IgG concentrations.   
 
3.3 Results and Discussions 




There were several challenges in synthesizing the 3-arm star PEGs [Harris, 
1985; Topchiyeva, 1990]: 
• Impure commercial mPEGs, where up to 25 % may not contain the methoxy (CH3O-) 
end group. 
• High polydispersity (broader molecular weight distribution) of commercial mPEGs 
relative to commercial PEG-diols. 
• Hygroscopic nature of PEG.  Commercial PEGs contain up to 1 % water.  In theory, 
the presence of 0.3 %w/w water in mPEG2000 would quench the targeted 
condensation reactions by converting all acyl chlorides on the trifunctional precursor 
to carboxylic groups. 
• Inactivation of terminal mPEG hydroxyl group by intra and inter-molecular hydrogen-
bonding with oxygen atoms of PEG main chain, as well self-penetration of the 
terminal group into the mPEG bulk. 
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• Low abundance of reactive site (hydroxyl group) on the mPEG molecule, such that a 
small mass of low molecular weight (MW) impurity would constitute a significant 
molar proportion.   
• Tendency of PEG to crystallize if organic solvents were used. 
• The high water solubility of PEG had precluded the use of aqueous washes 
(traditional method for purification of hydrophobic organic molecules). 
• Similar size and chemical property of main impurities (2-arm PEG and unreacted 
mPEG) and target product, which made purification and purity assurance difficult. 
 
 The following measures were employed: 
• All glassware, reactants and catalyst were rigorously dried before conducting the 
reaction in dry condition. 
• The reaction mixture was diluted to to 10-2 mole/dm3 mPEG [Topchiyeva, 1990]. 
• The reaction time was extended to 48 hr. 
• Some yield was sacrificed during purification to ensure product purity > 95 %w/w 
(amount of target branched PEG in the final product). 
• Assured purity by proving the lack of unreacted mPEG. 
 
Identity and purity by relative abundance of ester linkage group 
  
 Peaks (a) ~8.8 ppm, (b) ~4.5 ppm, and (c) ~3.4 ppm (CDCl3 at ~7.3 ppm) in  
Figure 8 represent the protons (a) on the benzoic core, (b) adjacent to ester linkage 
group, and (c) on the terminal methyl group respectively.  Signal integrations were 
performed at (a) ~8.7-8.8 ppm, (b) ~4.4-4.6 ppm, and (c) ~3.3-3.4 ppm; the integral area 
ratios of (a):(b):(c) for all 3-arm star PEGs agreed well with the theoretical ratio of 1:2:3. 
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Figure 8. 1H NMR spectra (CDCl3) of 3-arm star PEGs. 
 
3-arm star PEG4000 
3-arm star PEG9000 
3-arm PEG 6000 
Chemical Shift (ppm) 
3-arm star PEG6000 




Figure 9. 13C NMR spectra of 3-arm star PEGs. 
3-arm star PEG4000 
3-arm star PEG6000 
3-arm star PEG9000 
Chemical Shift
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Peaks (d) ~64.7 ppm and (e) ~59.0 ppm in Figure 9 represent the carbons (d) 
adjacent to the ester linkage group and (e) on the terminal methyl group respectively.  
Signal integrations were performed at (d) ~64.70-64.79 ppm and (e) ~59.00-59.09 ppm;   
the integral area ratios of (d):(e) for all 3-arm star PEGs compared reasonably to the 
theoretical ratio of 1:1. 
 
Identity by molecular weight  
 
Branched PEGs – In addition to the peaks corresponding to expected MW, peaks 
of impurities methoxy-PEG (mPEG) and 2-arm PEG were also observed in Figure 10.  
The latter may be due to breakage of the weak ester bonds by MALDI ionization, 
disconnecting PEG arms from the benzoic core.  It could also be that the larger 
branched PEGs were inherently harder to ionize than the smaller linear impurities.  Such 
issues were known to contribute to the non-quantitative nature of MALDI analysis.  The 
intervals between the major peaks were found to be around 44 m/z.  This corresponded 
well to the MW of the ethylene glycol CH2CH2O repeating unit (44 Da).  The apparent 
baselines or ‘peaks within peaks’ in the global spectra in Figure 10 are optical illusions 
caused by minima values. 
 
Linear PEGs (controls) – For linear PEG6000 and linear PEG9000, additional 
minor peaks of around 14 m/z within the major peak in Figure 10 indicate the presence 
of subpopulations of PEGs with different end-groups, namely the methyl and hydroxyl 
end-groups (∆MW = 14 Da).  In other words, each PEG sample contained 2 PEG 
species – one bearing an additional terminal methoxy OCH3 group, in lieu of a terminal 
hydroxyl OH group as in the other PEG species.  For linear PEG4000, the intervals 
between each pair of major and minor peak deviated significantly from 14 m/z.  This 
suggests that the PEG sample could potentially contain a mixture of 3 PEG species with 
different combinations of terminal hydroxyl and methoxy groups, namely, HO-PEG-OH, 
CH3O-PEG-OH, and CH3O-PEG-OCH3.  Put differently, each of the minor peak could be 
the sum of 2 peaks representing 2 of the 3 PEG species, whereas the major peak 
represents the dominant PEG species.   
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Star-Branched PEG Linear PEG (Control) 
(i) 3-arm PEG4000  (ii) Linear PEG4000 
 
(iii) 3-arm PEG6000 
 
(iv) Linear PEG6000 
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Star-Branched PEG Linear PEG (Control) 
(v) 3-arm PEG9000 (vi) Linear PEG9000 
 
Figure 10. MALDI TOF/TOF mass spectra of 3-arm star PEGs. 
 
Identity by GPC retention time 
 
 The branching of PEG is expected to reduce it’s hydrodynamic volume, due to 
denser intramolecular packing and restricted conformational freedom [Bergstrom et al., 
1994].  Figure 11 expectedly shows that the GPC retention time (RT) of branched PEGs 
were longer than linear PEGs of equivalent MW.  As the branched PEGs had smaller 
hydrodynamic volumes, they travelled longer paths in the GPC column and thus exited 
later.  Notably, the 3-arm star PEG6000 gave a similar RT to methane 3-arm star 
PEG6000, a reference standard kindly provided by Centre National de la Recherche 
Scientifique Laboratory for Polymer Research (CNRS) (Bordeaux, France). 
 
The RT of the branched PEGs were generally comparable to linear PEGs of 
around two-thirds MW.  This is in agreement with Gnanou et al. [1988], who observed 
that the hydrodynamic behavior of a 3-arm star PEG had approximated to it’s linear 
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with linear PEG samples, they have determined that the MWs of 3-arm star PEGs were 



























Figure 11. GPC spectra of 3-arm star PEGs. 
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Purity by GPC peak area 
 
 In Figure 11, the integral areas to the left and right of an arbitrarily-assigned 
conservative cutoff were set as Area1 and Area2 respectively.  The ratio Area1:Area2 
represented the molar ratio of target product to impurity.  Assuming that the impurities 
consisted mainly of unreacted mPEG, the purity of all 3-arm star PEGs were estimated 








 Eq. 2 
where Mr,3-arm PEG (Da) is the MW of 3-arm star PEG.  Eq. 2 was verified when a sample 
of pure methane 3-arm star PEG6000 spiked with 5 %w/w linear PEG2000 (i.e. 95 %w/w 
3-arm star PEG6000) was determined by Eq. 2 to be of 94.4 %w/w purity.  Together with 


























where ηsp (no unit) is the specific viscosity, ηrel (no unit) is the relative viscosity, ηPEG 
(mPa·s) is the dynamic (zero-shear) viscosity of the PEG solution, ηsolvent (mPa·s) is the 
dynamic (zero-shear) viscosity of solvent, [η] (cm3/g) is the intrinsic viscosity of the PEG, 
and cPEG (g/cm) is the PEG concentration.  The reduced specific viscosity (ηsp/cPEG) data 
of each PEG was linearly regressed as shown in (Figure 12), and all vertical intercepts 
were taken as equivalent to the intrinsic viscosity of the respective PEGs.  The data 
compared reasonably to literature: ηlinear PEG6000 = 4.34 mPa·s (aqueous 10 %w/w solution 
at 25oC) [Michel and Kaufmann, 1973]; [η]linear PEG6000 = 17.1 cm3/g (aqueous solution at 
20oC) [Bhat and Timasheff, 1992]; [η]linear PEG4000 = 13.0 cm3/g (aqueous solution at 25oC) 
[Kawaguchi et al., 1997]; [η]linear PEG4000 = 10.8 cm3/g (aqueous solution at 35oC) [Thomas 
and Charlesby, 1960].   
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Figure 12. Dynamic and reduced specific viscosity of PEG solutions at 25oC. 
Note on Figure 12: The linear regression equations are shown on the right. 
 
Figure 12 confirms that PEG branching reduced dynamic viscosity and intrinsic 


















plotted as a function of PEG MW in Figure 13.  Lacking a direct reference, it is noted that 
g’ = 0.75 for 85 kDa 4-arm star polybutadienes in toluene at 30oC [Hwang et al., 2004].  
The viscometric behavior of 3-arm branched PEGs had approximated to linear 
analogues of two-thirds MW (twice of individual star branch), consistent with the 
observations of Gnanou et al. [1988].   
 
Figure 13 suggests that the level of intrinsic viscosity reduction by 3-arm star 
branching should be a decreasing function of PEG size.  This trend was unexpected, as 
it was initially thought that the shape (and thus viscosity) of a larger PEG should change 
more drastically with branching.  The higher-than-expected branching factor of the larger 
PEG could be caused by entanglement between the longer branches (especially when 
the branching was moderate, as for 3-arm stars).  This exemplifies the underlying 
difficulty in predicting polymer viscosity, which have substantially more spatial 
conformations than small molecules [Mehrdad et al., 2009]. 
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Viscometric and hydrodynamic behaviours are directly related through the 
Einstein viscosity relation for suspended equivalent spheres [Atha and Ingham, 1981; 




















where rh,PEG (cm) is the PEG hydrodynamic radius, [η] (cm3/g) is the intrinsic viscosity, 
Mr,PEG (g/mol) is the PEG MW, and NA (mol-1) is the Avogadro constant.  Eq. 6 can be 
used to quantify rh,PEG reduction by PEG branching through [η] data. 
 
Shown in Figure 14, the measured hydrodynamic radii (rh,PEG) agreed well with 
data reported by Atha and Ingham [1981], as well as theoretical predictions by Eq. 6 
(using viscosity data) and by a power law applicable to aqueous linear PEGs of 0.2 to 
1200 kDa [Fee and Alstine, 2004] 
559.0
linearPEG,rlinearPEG,h M1912.0r =  Eq. 7 
where rh,linearPEG is in Angstrom (= 0.1 nm).  Eq. 7 was derived using a subset of Kuga’s 
(1981) data.  The dynamic light scattering measurements were performed on PEGs 
dissolved in 1x PBS, whereas the viscosity data used for Eq. 6 were of aqueous PEGs 
(no PBS).  The similarity in rh data between these two sample populations assures their 
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accuracy, and further suggests that the moderate salt concentration had insignificant 
effect on rh,PEG.  Figure 14 and Figure 15 confirmed that PEG branching reduced rh,PEG.   
 
 
Figure 14. Dynamic light scattering data at 25oC cross-referenced to theoretical 
predictions and literature. 
 
Figure 15. Effect of branching on PEG hydrodynamic radius. 
 
Eq. 5 and Eq. 6 were used to convert Eq. 7 to a form that is applicable to 
general-shaped PEGs 
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3/1559.0
PEG,rPEG,h )'g(M1912.0r =  Eq. 8 
Eq. 8 can be used to quantify the effect of branching on rh,PEG, and it reverts back to Eq. 
7 for linear PEGs (g’linear = 1).  The order of magnitude of the Mr,PEG exponent in Eq. 8 
was verified through the Kuhn-Mark-Houwink-Sakurada (KHMS) equation 
α
=η PEG1MK][  Eq. 9 
where K1 (ml/g) and α are the Mark-Houwink constants [Houwink, 1940; Mark, 1938].  α 
= 0.5 for the MW range 200 to 8000 and α = 0.78 for the MW range 104 to 107 [Atha and 




PEG,rPEG,h M'k)M(k'r +α+α =≅ , where k’ is a numerical constant, and the Mr,PEG exponent 
Eq. 15 was calculated to be either 0.5 (α = 0.5) or 0.59 (α = 0.78); both values are 












 Eq. 10 
where rh is in nm, kB (J/K) is the Boltzmann constant, T (K) is the absolute temperature, 
ηsolvent (mPa·s) is the solvent viscosity at T, and Do (nm2/s) is the diffusion coefficient of 
infinitely diluted solute at T.  ηsolvent has an Arrhenius-type dependence on T [Misra and 
Varshni, 1961], whereas Do may be numerically related to T via a third order polynomial 
expansion equation [Pritchard and Caroline, 1980].  By combining Eq. 10 with Eq. 6, the 































where T1 and T2 (K) are the absolute temperatures ranging 277 to 323 K.   
 
According to Eq. 11, a temperature drop from 25 to 4oC reduces rh by ~7 %, 
whereas the change in [η] would be more inconspicuous, since 3/1
h ][r η∝  (as in Eq. 6).  
In fact, temperature-independence of ηrel (Eq. 3) has been assumed by some 
researchers [e.g. Rønningsen, 1995], although it may not hold well when certain 
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solvents (e.g. benzene and cyclohexane [Adam and Delsanti, 1982]) and solvent 
additives (e.g. alcohol and acid [Arrhenius, 1917]) are used. 
 
Figure 16, Figure 17 and Figure 18 together illustrate the negligible effect of 
temperature on rh, ηsp, [η] and ηrel of various PEGs at 4 to 25oC.  The temperature-
independence of rh was also observed by Dohmen [2008] for linear PEG200-1000, at 25 
to 50oC.  The thermal insensitivity of ηrel (= ηsolute/ηsolvent) can be exploited to relate η 










 Eq. 12 
where T1 and T2 (K) are absolute temperatures in the range of 277-323 K.  This relation 




in Section 4.3.1.  
 
 
Figure 16. Effect of temperature on PEG hydrodynamic radius. 
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Figure 17. Effect of temperature on viscometric behavior of linear PEG6000. 
 
 
Figure 18. Effect of temperature on relative viscosity of aqueous PEG20000.   
Note on Figure 18: Data inferred from Gündüz [2004]. 
 
On the other hand, the dynamic viscosity (η) exhibited a significant thermal 
response (Figure 17).  η was expectedly higher at lower temperatures, due to increased 
intrinsic viscosity of solvent and greater interactions between the cooled solvent and 
PEG [Michel and Kaufmann, 1973].   
 
Relative to linear polymers, the denser branched polymers should exhibit lower 
thermal expansion and compression coefficients [Hult et al., 1999].  This differential 
thermal effect is not apparent in Figure 16, perhaps due to (i) the modestly branched 
structure of 3-arm star PEG, which nullified certain behaviors typical of highly branched 
 46     
polymers, (ii) small sizes of the tested PEGs, and (iii) the limited effect of moderate 
temperature changes in Kelvin scale (Eq. 11). 
 
3.3.2 Synthesis and Characterization of 10-arm Star PEG 
 
 Figure 19 tracks the synthesis of 10-arm star PEG5000.  Peaks (a) ~6.9 ppm, (b) 
~6.1 ppm, and (c) ~5.5 ppm (CDCl3 at ~7.3 ppm) compare the anisole internal standard 
to protons on the terminal double bond of the monomer methacrylate group.  Signal 
integrations were performed at (a) ~6.8-7.0 ppm, (b) ~6.0-6.2 ppm, and (c) ~5.4-5.6 
ppm.  The gradual drop in free monomer content is explicated in Figure 19 by 
decreasing integral areas of peaks (b) and (c).  These peaks were normalized to a 
constant peak (a) with an arbitrarily-set area of 3.00, and used to estimate the 
conversion, number of arms, and product MW (Table 3).  The conversion changed 
linearly over time in semi-logarithmic coordinates (Figure 20), agreeing well with reports 
of constant concentrations of active species during ATRP and first-order kinetics with 
respect to the monomer [Matyjaszewski and Xia, 2001].   
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Table 3 lists the kinetic data used to estimate the conversion and number of arms 










)Conversion(66.9)arms of Number( tt ×== , since 12 mol of mPEG was added per 
mol of initiator. The final conversion of ~80.5 % denoted a product bearing the structure 
9.66-arm star PEG5276.  This product had an estimated purity > 95 %w/w (Figure 21) 
and is henceforth named ’10-arm star PEG5000’.  The 10-arm star PEG5000 exhibited 
significantly lower dynamic viscosity than a linear PEG of similar MW (Figure 22). 
 













0 3.80 0 0 195 0.000 
75 2.15 43.6 5.23 2946 0.572 




0.74 80.5 9.66 5276 1.636 
Notes:  
• [M]t is the average integral area of peaks (b) and (c) shown in Figure 19, normalized to peak 










)Conversion(66.9)arms of Number( tt ×== , 
since 12 mol of mPEG was added per mol of initiator. 
• MWt = MW initiator + (Number of arms)t·MWmonomer, where MW initiator = 195, and MWmonomer = 526. 
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Figure 20.  Conversion kinetics of 10-arm star PEG5000 synthesis in linear and semi-
logarithmic scales. 
 
Figure 21. GPC of 10-arm star PEG5000. 
Note on Figure 21: Estimated purity based on integral area ratio is 98.6 %w/w. 
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Figure 22.  Dynamic viscosity profiles of 10-arm star PEG5000 and linear PEG5000 at 
25oC. 
 
3.3.3 Screening of Branched PEGs 
 
 Figure 23 and Figure 24 depict the increase of IgG solubility with greater PEG 
branching.  For 3-arm star PEG6000, the solubility increase was ~0.7-5.5 fold at 6-12 
%w/v PEG, relative to linear PEG6000.  For 10-arm star PEG5000, a high concentration 
of 17.5 %w/v was needed to precipitate IgG from a final IgG concentration of 4.10 mg/ml 
(after adding PEG), yielding an IgG solubility ~21.1 fold higher than the same 
concentration of linear PEG5000.   
 
Greater PEG branching packs the PEG molecules more densely and reduces the 
PEG excluded volume more drastically, resulting in higher IgG solubility than lesser PEG 
branching.  Therefore, the extent of PEG branching should be moderated to maintain a 
reasonable level of precipitation efficiency, and this must be compensated with 
significant viscosity reduction for the effort to be worthwhile. 
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Figure 23. IgG solubility in different star-branched and linear PEGs.   
Note on Figure 23 (left chart): A single data point depicts precipitation at 17.5 %w/v 10-arm star 
PEG5000.  No other data point is shown, as it was not practical to test with >17.5 %w/v 10-arm 
star PEG5000, or >4.10 mg/ml IgG, due to high cost, constrained scale of 10-arm star PEG5000 




Figure 24. Schematized effect of the extent of PEG branching on IgG solubility. 
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3.4 Conclusion 
 
 While PEG branching reduced viscosity, it came with the tradeoff of lowering 
precipitation efficiency.  The reduction in viscosity and precipitation efficiency became 
more drastic with greater PEG branching, and this trend is expected to be monotonic 
between 3 and 10-arm star branching, though not necessarily linear.  For cost and 
practical reasons, the 3-arm star PEG (Figure 25) was selected as the model branched 




Figure 25. Schematic of model branched structure, tri-poly(ethylene glycol) 1,3,5-
benzenetricarboxylate. 
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4. EFFECT OF PEG BRANCHING 
4.1 Introduction 
 
In the previous section, we identified the sparsely branched 3-arm star as the 
model branched structure, hereafter referred to as ‘branched PEG’.  The next step was 
to elucidate the effect of PEG branching on protein precipitation by contrasting the 
branched PEGs to linear versions of equivalent molecular weights (MW), in the context 
of specific protein recovery, solubility of purified proteins, precipitation selectivity and 
precipitation kinetics.  These comprehensive studies employed a panel of 6 purified 
proteins of different sizes, and 2 real-world protein mixtures.   
 
All experiments were conducted in a high-throughput manner using 96-well 
microplates (Figure 26).  An equi-volume approach was used to mix the stock PEG and 
protein solution for convenience, and also to maximize working volumes amidst limited 
capacity (300 µl) of available multichannel pipettes.  An incubation time of 16 hr was 
taken as sufficient to attain stable solubility of all test proteins, relative to much shorter 
times reported by Atha and Ingham [1981] (30 min), and Juckes [1971] (1 hr).  Kinetics 
(Section 4.3.4) studies and other control experiments had further proved that longer 
incubation does not affect the results.   
 
 
Figure 26. High-throughput micromethods for precipitation studies. 
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4.2 Materials and Methods 
4.2.1 Precipitation Equilibria 
 
Specific protein (IgG) recovery from protein mixture (CHO Supernatant) 
 
Preparation of cell culture supernatant and PEG stock solutions – A Chinese 
Hamster Ovary (CHO) M250-9 supernatant containing 1.61 + 0.08 mg/ml of monoclonal 
immunoglobulin G (IgG) directed against Rhesus D was obtained from the Animal Cell 
Technology group of Bioprocessing Technology Institute (BTI) and after filtration, it’s pH 
was measured to be 7.4.  The IgG was quantified by a monolith-Protein A HPLC method 
developed by Tscheliessnig and Jungbauer [2009].  The PEGs were dissolved in 1x 
PBS and the pH was checked, or adjusted to 7.4 using either hydrochloric acid or 
sodium hydroxide. 
 
Precipitation and analysis – 300 µL of CHO supernatant and equi-volume of PEG 
stock were pipetted into the designated wells of a polypropylene deepwell microplate 
(Scientific Specialties Inc), resulting in supernatant-PEG mixtures each containing 0.812 
+ 0.004 mg/ml of IgG.  The microplate was then covered with a sealing mat (Scientific 
Specialties Inc) and rigorously rocked on a microplate votexer (Scientific Industries) for 
16 hr at 4oC.  The precipitated proteins (containing recovered IgG) were isolated by 
centrifugation at 3000x g for 45 min in 4oC, followed quickly by careful removal of 
precipitate supernatants to avoid disturbing the precipitate pellets.  The precipitate 
pellets were partially dried by inverting the microplate for 30 min, then redissolved in 1x 
PBS.  IgG and total protein concentrations in the redissolved precipitates were 
determined by monolith-Protein A HPLC [Tscheliessnig and Jungbauer, 2009] and 
Bradford assay respectively.  The average IgG recovery and purity from 3 independent 
experiments were calculated.  The precipitation selectivity was analysed through silver-
stained SDS-PAGE (reduced and non-reduced samples) and SEC (native samples). 
Note on precipitate washing – Due to the large number of small samples in the high-throughput 
set-up, it was impractical to wash all precipitates in a consistent manner.  A control experiment 
had shown that washing removed the smaller impurities, likely to be unprecipitated artefacts 
previously retained on the walls of the microwells (Appendix B). 
 
Note on test pH – The isoelectric point (pI) of the anti-RhD IgG was estimated to be 8.7, using 
National Center for Biotechnology Information (NCBI) protein sequences in the Expert Protein 
Analysis System (ExPASy) tool available at http://au.expasy.org/tools/pi_tool.html.  This 
suggested that maximum IgG recovery could be achieved at pH 8.7.  However, pH 7-8 was 
subsequently found to yield optimal IgG recovery (results not shown).  The precipitation 
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experiments were therefore conducted at the native supernatant pH of 7.4, to avoid unwanted 




Preparation of protein and PEG stock solutions – Bovine serum was bought from 
Sigma; it’s pH was determined to be 7.4 and and the total protein concentration was 
found to be 50 mg/ml by Bradford analysis using pooled (1:1) bovine serum albumin and 
γ-globulin (Sigma) as standards. A CHO M250-9 supernatant containing 1.61 + 0.08 
mg/ml of monoclonal IgG directed against Rhesus D was obtained from the Animal Cell 
Technology group of BTI and after filtration, it’s pH was measured to be 7.4.  The IgG 
was quantified by a monolith-Protein A HPLC method developed by Tscheliessnig and 
Jungbauer [2009].  The PEGs were dissolved in 1x PBS (137 mM sodium chloride, 2.7 
mM potassium chloride, 10 mM disodium hydrogen phosphate and 1.8 mM potassium 
dihydrogen phosphate) and it’s pH was checked, or adjusted to 7.4 using either 
hydrochloric acid or sodium hydroxide. 
 
Precipitation and analysis – 150 µL of serum and equi-volume of PEG stock (or 
1x PBS for blank) were pipetted into designated wells of a polypropylene deepwell 
microplate (Scientific Specialties Inc).  The microplate was then covered with a sealing 
mat (Scientific Specialties Inc) and rigorously rocked on a microplate votexer (Scientific 
Industries) for 16 hr at 4oC.  The precipitated proteins were isolated by centrifugation at 
3000x g for 45 min in 4oC, followed quickly by careful removal of precipitate 
supernatants to avoid disturbing the precipitate pellets. The precipitate pellets were 
partially dried by inverting the microplate for 30 min, then redissolved in 1x PBS.  The 
the redissolved precipitates were analysed using coomassie-stained SDS-PAGE 
(reduced and non-reduced samples) and SEC (native samples). 
 
Solubility of purified proteins 
 
 Obtain purified proteins – The IgG was purified from the aforesaid CHO 
supernatant by FPLC (Amersham) using rProtein A MabSelect SuRe (GE Healthcare) 
(purity ~98 %).  The monoclonal immunoglobulin M (IgM) directed against 
undifferentiated human embryonic stem cells [Choo et al., 2008] was purified from 
hybridoma mAb529 supernatant obtained from BTI as described by Tscheliessnig et al. 
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[2009] (purity ~80%).  Purified apoferritin (Apo) from equine spleen, β-Amylase (Amy) 
from sweet potato, albumin from bovine serum (BSA) and cytochrome c (Cyt c) from 
bovine heart were bought from Sigma.  The isoelectric points were estimated to be: 8.7 
for IgG (from amino acid sequence using http://au.expasy.org/tools/pi_tool.html), 6.0-7.0 
for IgM [Tscheliessnig et al., 2009] (test was to be pH 6.5), 4.3-4.6 for Apo [Bulte et al., 
1994] (test pH was to be 4.5), 4.8 for Amy (Sigma product information), 5.3 for BSA 
[Wallevik, 1973] and 10.0-10.5 for Cyt c (Sigma product information) (test pH was to be 
10.2). 
 
 Preparation of protein and PEG stock solutions – The purified IgG (originally in 
0.1 M Glycine-hydrochloric acid) was concentrated and buffer exchanged to 1x PBS 
using Sartoflow Slice 200 Benchtop crossflow filtration system (Sartorius) installed with a 
0.02 m2 hydrosart Sartocon ultrafiltration cassette (Sartorius) of 30 kDa MW cutoff, at a 
pump rate of 400 ml/min and transmembrane pressure of ~1.0 bar.  The purified IgM 
(originally in 0.03 M sodium phosphate, 0.24 M sodium chloride) was buffer-exchanged 
to 1x PBS using PD-10 desalting column (GE Healthcare).  In this same way, Apo 
(originally in 50 % glycerol and 0.075 M sodium chloride) was buffer-exchanged to 
acetate buffer (0.25 M sodium acetate, 0.25 M acetic acid, 0.1 M potassium chloride).  
BSA (originally crystallized) and Cyt c (originally lyophilized) were dissolved in 1x PBS.  
Amy (originally lyophilized) was dissolved in acetate buffer.  All buffers had been pre-
adjusted to the respective protein pI or test pH using either hydrochloric acid or sodium 
hydroxide.  All PEG stock solutions were prepared with the same buffers as the protein 
stock solutions. 
 
 Precipitation and analysis – 40-100 µL of the protein solution and equi-volume of 
PEG stock (or buffer for blank) were pipetted into designated wells of a polypropylene 
PCR microplate (USA Scientific).  Protein concentrations after adding PEG were: 1.0 
mg/ml (IgM), 4.0 mg/ml (Apo, Amy, IgG), 50 mg/ml (BSA), and 200 mg/ml (Cyt c).  The 
microplate was sealed with an adhesive film (Scientific Specialties Inc) and rigorously 
rocked on a microplate votexer (Scientific Industries) for 16 hr, followed by centrifugation 
at 3000x g for 45 min at the experimental temperature.  The precipitate supernatants 
were quickly removed in a careful manner to avoid disturbing the precipitate pellets.  
Since the proteins were purified, their concentrations were taken as equivalent to the 
total protein concentrations determined by Bradford assay.  The reported protein 
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solubility (S in mg/ml) were averaged from 3 independent experiments.  Semi-
logarithmic plots of log S against PEG concentration (ω in %w/v) yielded sigmoidal-
shaped solubility curves, and data from the middle linear region was linearly regressed 
to Eq. 1 (Section 2.3.2). 
Note on effect of protein concentration – At high protein concentration, the exclusion of PEG from 
large precipitate pellets can cause slight increases in PEG concentration of the supernatants 
[Middaugh et al. 1979], which could increase β (Eq. 1).  This effect could be minimized by 
applying bulk protein concentrations of 20 mg/ml or less [Atha and Ingham 1981].  However, it 
was inevitable that high concentrations of the smaller proteins (BSA and Cyt c) were needed in 
our solubility studies to avoid employing viscous concentrated PEG solutions.  Consequently, the 
measured β-values of BSA and Cyt c could be slightly higher than the true values.  The overall 
impact of this eventuality on our conclusions in this section and subsequent model development 
(Section 5) is expected to be minimal, as they are based on relative changes in β (not based on 
absolute β). 
 
4.2.2 Precipitation Kinetics 
 
Preparation of protein and PEG stock solutions – Purified IgM (originally in 0.03 
M sodium phosphate, 0.24 M sodium chloride) was buffer-exchanged to 1x PBS using 
PD-10 desalting column (GE Healthcare).  The 1x PBS was previously adjusted to pH 
6.5 (estimated IgM pI [Tscheliessnig et al., 2009]) using hydrochloric acid.  PEG stock 
solutions were prepared with this same buffer. 
 
Precipitation and analysis – The experiment was performed entirely in a 4oC cold 
room, using chemicals and materials pre-cooled for 16 hr to 4oC.  120 µL of 1.0 mg/ml 
purified IgM and 120 µL (equi-volume) of 10 %w/v PEG were pipetted into designated 
wells of a flat-bottom polystyrene microplate (Nunc) at the start of the timer.  Mixing was 
rigorously done by a microplate shaker (Scientific Industries).  At specific time points, the 
precipitation mixture in a designated well was syringe-drawn and immediately 0.22 µm 
filtered.  Since the IgM was purified, it’s concentration in each clarified sample was taken 
as equivalent to total protein concentration determined by Bradford assay; this value was 
in turn used to calculate the IgM recovery.  All reported data were averaged from 3 
independent experiments. 
Note on kinetic micromethod – Compared to stirred microreactor, this micromethod enabled 
better mixing due to higher power-to-volume ratio.  Other advantages include better consistency 
in terms of working volume (consistent working volume per replicate well to be sampled in whole, 
compared to repeated sampling from the same working volume of a microreactor), and controlled 
sampling volume (prevents over-sampling and wastage). 
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Precipitate size – At the start of timer, 0.5 ml of 1.0 mg/ml protein solution and 
0.5 ml (equi-volume) of 10 %w/v PEG (all solutions pre-cooled to 4oC) were pipetted into 
a single-use polystyrene sizing cuvette (Malvern) thermosated to 4oC in Zetasizer Nano 
(Malvern).  After pipetting to promote homogeneity, the mixture was incubated at 4ºC 
without further mixing.  The kinetics of precipitate growth in terms of hydrodynamic 
diameter (dprec) was then tracked by dynamic light scattering. 
 
4.2.3 Analytical Methods 
 
Quantification of total and specific protein 
 
Bradford assay – 10 µL of each protein standard or unknown sample was 
pipetted into designated wells of a polystyrene microplate (Nunc), followed by 300 µL of 
Bradford reagent (Pierce).  Known concentrations of the respective purified proteins 
were used as standards for solubility and kinetic studies, whereas a pooled standard 
containing BSA and γ-globulin (Sigma) was used in the IgG recovery and precipitation 
selectivity experiments.  The microplate was sealed with an adhesive film (Scientific 
Specialties Inc) and rigorously rocked on a microplate votexer (Scientific Industries) for 
10 min at ambient temperature.  Absorbance at 595 nm (A595) was obtained using a 
microplate reader (Tecan), and the average A595 of the blanks (solvent) was subtracted 
from A595 of each standard and sample.  The blank-corrected standard A595 data were 
subsequently regressed to a calibration curve using either Excel (Microsoft) or 
TableCurve 2D 5.01 (Aspire Software International).  All blank-corrected sample A595 
data were scored against this calibration curve to estimate the total protein 
concentrations.   
 
Monolith-protein A high performance liquid chromatography (HPLC) – A disk-
shaped affinity monolith with protein A as affinity ligand, CIM Protein A HLD disk (BIA 
Separations) was installed into a HPLC system (Shimadzu) and equilibrated with 
equilibration buffer (1 M sodium chloride and 19 mM sodium phosphate).  100 µl of 
filtered protein sample was injected and the unbound proteins washed out by 0.5 ml of 
equilibration buffer.  This was followed by 2.0 ml of elution buffer (0.5 M acetic acid, pH 
2.5) and the elution profile was then monitored by measurement of absorbance at 280 
nm by a SPD-10A VP UV-VIS detector (Shimadzu).  Before the next sample injection, 
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the column was re-equilibrated with 2.0 ml of equilibration buffer.  A flow rate of 1 ml/min 
gave a run time of approximately 5-8 min depending on the duration of washing step.  To 
determine IgG concentration, the elution peak area was integrated and scored against a 
calibration curve of IgG standards.  All data were processed on a PC computer using 
Class-VP 6.14 SP2 software (Shimadzu).  This method was developed by Tscheliessnig 
and Jungbauer [2009]. 
 
Size profiling of protein mixtures 
 
Analytical size exclusion chromatography (SEC) – A G3000SWxl column (Tosoh) 
was installed into a HPLC system (Shimadzu) and equilibrated with 0.42 M sodium 
phosphate, 0.2 M potassium sulphate (equilibration buffer).  50 µl filtered protein sample 
was injected and SEC was performed in isocratic mode using a flow rate of 0.6 ml/min.  
The elution profile was monitored by measurement of absorbance at 280 nm by a SPD-
M10A VP diode array detector (Shimadzu), which was then normalized to an appropriate 
standard.  All data were processed on a PC computer using LCsolution 1.25 software 
(Shimadzu). 
 
Sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) – 
Samples were mixed with Nu-PAGE LDS Sample Buffer (Invitrogen), ultrapure water to 
achieve a protein concentration of either 10 µg/ml (silver staining) or 100 µg/ml 
(Coomassie straining) as determined by Bradford assay.  For reduced samples, 
NuPAGE Sample Reducing Agent (Invitrogen) was added.  The samples were heated in 
a water bath at 70oC for 10 min.  10 µl of each sample was then loaded into the 
designated wells of a NuPAGE Novex 4-12% Bis-Tris gel (Invitrogen) that was pre-
attached to XCell SureLockTM Mini-Cell PAGE electrophoresis system containing 
NuPAGE MES SDS Running Buffer (Invitrogen).  This was followed by adding 10 µl of 
MW marker into a separate well: either Mark 12 (Invitrogen) diluted 10x in Nu-PAGE 
LDS Sample Buffer (Invitrogen) and ultrapure water for silver-staining, or neat Novex 
Sharp pre-stained (Invitrogen) for Coomassie staining.  After electrophoresis at 200 V for 
35 min, the gels were removed and stained either using either SilverQuestTM Straining 
Kit (Invitrogen) or Coomassie Brilliant Blue R-250 (Bio-Rad).  The stained gels were 
scanned by GS-800 densitometer (Bio-Rad), and all images were processed using 
Quantity One software 4.6 (Bio-Rad). 
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4.3 Results and Discussions 
4.3.1 Specific Protein Recovery from Protein Mixture 
 (Precipitation of IgG from CHO Supernatant) 
 
In the context of PEG concentration 
 
IgG recovery by branched and linear PEGs increased with PEG concentration 
until a critical level, where the PEG excluded volume reached a maxima (Figure 27).  
Beyond this critical concentration, the IgG recovery decreased slightly, perhaps due to 
higher viscosity that kept the smaller precipitates suspended during centrifugation 
[Tscheliessnig et al., 2009].  The purity of IgG appeared to be a weak increasing function 
of PEG MW at the lower PEG concentrations (< 8%w/v), although this induction was 
limited by significant experimental variation. 
 
Branched PEGs were poorer precipitants, concurring with previous observations 
(Section 3.3.3).  The trend was more pronounced when the PEG was small (4000 Da).  
A higher concentration of branched PEG4000 was required to match IgG recovery by 
linear PEG4000.  On the other hand, PEG branching had negligible effect on IgG 
recovery when the PEG was large (9000 Da).  This could be due to plateauing of PEG 
size effects beyond 6000Da [Atha and Ingham, 1981; Juckes, 1971].  The purity of 
recovered IgG seemed to be independent of PEG shape.   
 
In the context of PEG dynamic viscosity 
 
Net reductions in dynamic viscosity were achieved by higher concentrations of 
branched PEGs, relative to (lower concentrations of) equi-MW linear PEGs that yielded 
comparable IgG recovery (Figure 28).  In absolute terms, the viscosity drop ranged from 
1.14 to 2.47 mPa·s for PEGs of 4000-9000 Da, whereas in relative terms, the viscosity 
reductions were similar across the board at 20.9 + 2.2%. 
 




Figure 27. IgG recovery from CHO supernatant by various PEGs at 4oC as a function of 
PEG concentration. 
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Figure 28. IgG recovery from CHO supernatant by various PEGs at 4oC as a function of 
PEG dynamic viscosity.   
Note on Figure 28: Arrows point to the respective critical PEG concentrations for optimal IgG 
recovery. 
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In the context of PEG molarity 
 
The reduction in specific precipitation efficiency (per PEG molecule) by PEG 
branching was less severe for larger PEGs (Figure 29).  Such preservation of specific 
precipitation efficiency (by virtue of large PEG size) appeared to overwrite the PEG 
branching effect of reduced excluded volume.  In addition to the plateauing of PEG size 
effects beyond 6000Da [Atha and Ingham, 1981; Juckes, 1971], this trend may be also 
explained with Figure 13 (Section 3.3.1), that the branching factor (inversely proportional 





Figure 29 continues next page. 
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Figure 29. IgG recovery from CHO supernatant by various PEGs at 4oC as a function of 
PEG molarity. 
 
In the context of PEG hydrodynamic radius 
 
Branched and linear PEG precipitants of comparable hydrodynamic radii (rh,PEG) 
gave similar IgG recovery and dynamic viscosity profiles, regardless of MW (Figure 30).  
In molarity terms, the branched PEGs were more efficient than short linear PEGs of 
comparable rh,PEG (Figure 30). 
 
 However, in commercial terms, IgG recovery and PEG dynamic viscosity were 
the crucial factors.  Therefore, the above findings nullified the initially-desired 
commercial advantage of PEG branching, since short linear PEGs (of comparable rh,PEG) 
would be preferred over the more expensive branched PEGs.  To obtain optimal IgG 
recovery at the lowest possible PEG cost and dynamic viscosity, a high concentration of 
a short linear PEG precipitant (e.g. 12-14 %w/v of PEG2600 and 10-12 %w/v of 
PEG4000) would be the most attractive option (induced from Figure 28). 




Figure 30. IgG recovery from CHO supernatant by PEGs of similar hydrodynamic radii 
(rh,PEG) at 4oC as functions of PEG dynamic viscosity and PEG molarity. 
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In the context of IgG concentration 
 
 Assuming that IgG solubility was independent of the final IgG concentration (after 
adding PEG), Figure 31 illustrates the positive effect of high final IgG concentration on 
IgG recovery.  Branched and short linear PEGs could be employed at concentrations 
more comparable to long linear PEGs, thus enabling greater viscosity reductions.  For 
example, if the final IgG titer is > 2 mg/ml and target IgG recovery is > 95 %, then 10 
%w/v of all PEGs in Figure 31 are feasible.  In this case, the use of either branched 
PEG6000 or linear PEG4000 enables significant dynamic viscosity reduction of ~28.0 % 
relative to the linear PEG6000.  To exploit this attribute, tangential flow filtration (TFF) 




Figure 31. IgG recovery from hypothetical cell culture supernatants with different final 
IgG concentrations (after adding PEG) at 4oC.   
Note on Figure 31: The IgG solubility was deduced from Figure 27. 
 




Polson et al. [1964] has observed that most albumins in human plasma were 
soluble in the presence of up to 14 %w/v linear PEG6000, whereas the larger globulins 
precipitated in accordance with volume exclusion theory.  In agreement, Figure 32 and 
Figure 33 show that up to 14 %w/v of various PEGs had precipitated mainly globulins 
from bovine serum (plasma without clotting factors, e.g. fibronectin).  Most albumin 
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remained in solution, although there was relatively more albumin precipitated at 14 %w/v 
PEG than at lower PEG concentrations.  PEG branching appeared to have negligible 
effect on the precipitation selectivity, in that the proteins precipitated by branched and 
linear PEGs were of comparable compositions. 
 
In Figure 32, the normalized peaks of γ-globulin standard fit reasonably to the 
bovine serum globulin peaks, although γ-globulin constitutes only around a third of all 
bovine serum globulins (α1, α2, β , γ) [Tiselius, 1937].  In Figure 33, the ‘non-reduced’ 
gels show either slight reductions of globulins or IgG fragments at ~ 25 kDa, but this 
does not affect the deduction that PEG branching does not significantly impact 
precipitation selectivity. 
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Proteins precipitated from bovine serum by: 
 
(i) 6%w/v branched PEG4000 and controls 
 
(ii) 10%w/v branched PEG4000 and controls 
 
(iii) 14%w/v branched PEG4000 and controls 
 
(iv) 6%w/v branched PEG6000 and controls 
 
Figure 32 continues next page. 
 68     
Proteins precipitated from bovine serum by: 
 
 (v) 10%w/v branched PEG6000 and controls 
 
(vi) 14%w/v branched PEG6000 and controls 
(vii) 6%w/v branched PEG9000 and controls (viii) 10%w/v branched PEG9000 and controls 
 
Figure 32 continues next page.
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Proteins precipitated from bovine serum by: 
 
(ix) 14%w/v branched PEG9000 and controls 
Standards: 
 (x) Serum components 
Literature reference [Polson et al., 1964]: 
 
 
(xi) Proteins precipitated from human plasma by linear PEG6000  
 
Figure 32. Normalized SEC (TSK G3000SWxl) elution profiles of (i – ix) native proteins 
precipitated from bovine serum by various PEGs at 4oC, pH 7.4, (x) and standards 
identifying the different components of bovine serum, compared to (xi) a schematic of 
proteins precipitated from human plasma by linear PEG6000 at 18oC, pH 7.0 [Polson et 
al., 1964]. 
 70     
 
 (i) Branched PEG4000 and controls,  
non-reduced samples 
 (ii) Branched PEG4000 and controls,  
reduced samples 
 (iii) Branched PEG6000 and controls,  
non-reduced samples 
 (iv) Branched PEG6000 and controls, 
non-reduced samples 
 (v) Branched PEG9000 and controls,  
non-reduced samples 
 (vi) Branched PEG9000 and controls,  
reduced samples 
 
Figure 33. Coomassie-stained SDS-PAGE gels of (i, iii, v) non-reduced ~1.0 µg total 
protein, and (ii, iv, vi) reduced ~1.2 µg total protein precipitated from bovine serum by 
various PEGs at 4oC, pH 7.4. 
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CHO-IgG supernatant 
 
Figure 34 and Figure 35 illustrate that both branched and linear PEGs had 
preferentially precipitated the larger proteins (mostly IgG) from CHO supernatant.  
Similar purity is thus expected among IgGs recovered by the various PEGs (Figure 27).  
It is also noted that the PEG-recovered IgGs compare well to their counterpart purified 
by Protein A chromatography, in terms of similar SEC retention times of ~14.5 min. 
 
In Figure 34, the minor peaks at retention time > 19 min are likely of 
unprecipitated artefacts retained on the microwell walls.  These could be removed by 
washing the microwell with the precipitate pellet (Appendix B).  A small but significant 
portion of the IgG tended to aggregate regardless of the presence of PEG and other 
supernatant proteins (~15 % aggregation based on integral peak area at SEC retention 
time of 9.5-10.5 min for precipitated IgG and IgG solublized in CHO supernatant; 12-13 
min for IgG purified by protein A chromatography). 
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Proteins precipitated from CHO-IgG supernatant by: 
 
(i) 10%w/v branched PEG4000 and controls 
 
 (ii) 12%w/v branched PEG4000 and controls 
 
(iii) 10%w/v branched PEG6000 and controls 
 
 (iv) 12%w/v branched PEG6000 and controls 
 
Figure 34 continues next page. 
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Proteins precipitated from CHO-IgG supernatant by: 
 
(v) 10%w/v branched PEG9000 and controls  (vi) 12%w/v branched PEG9000 and controls 
Standards: 
 (vii) IgG purified by protein A chromatography; raw CHO supernatant 
Figure 34. Normalized SEC (TSK G3000SWxl) elution profiles of (i - vi) native proteins (DP) recovered from CHO supernatant by 
various PEGs at 4oC, and (vii) standards. 
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In Figure 35, the multiple IgG bands (~116-150 kDa) indicate different IgG 
isoforms, as well as incomplete IgGs with missing light (25 kDa) and heavy (50 kDa) 
chains, suggested by the presence of bands at 25, 50 and 100 kDa (heavy chain dimer).   
The heavy chain fragment (50 kDa) appeared to be marginally more abundant among 
proteins precipitated by linear PEGs, relative to branched PEGs.  This may point to a 
slight PEG-branching induced change of precipitation selectivity at around 50 kDa.  
There were also some differences in the 6-10 kDa range of 10 %w/v branched 
PEG6000, 10 %w/v branched PEG9000 and 10 %w/v linear PEG9000, compared to the 
other PEGs.  This could be caused by contamination and uneven protein loading, 
amplified by high sensitivity of the silver-staining method.  The argument is supported by 
the lack of perceivable trend relating the extra bands at 6-10 kDa to any PEG or protein 
property.  It is further argued that any differential selectivity observed in Figure 35 is 
minor, since no such difference could be easily discernable in Figure 32, Figure 33 and 
Figure 34.  Thus, it is concluded that PEG branching does not significantly affect 
precipitation selectivity.   
 
Figure 35. Silver-stained SDS-PAGE gels of non-reduced IgG recovered from CHO 
supernatant by various PEGs at 4oC, and controls.    
Note on Figure 35: Each sample contained ~100 ng total protein. 
 
 
(i) 10%w/v branched and linear PEGs (ii) 12%w/v branched and linear PEGs 
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4.3.3 Protein Solubility 
 
Solubility in purified solution 
 
The solubility of different purified proteins in the presence of various PEGs were 
plotted in semi-logarithmic scale (Figure 36) based on Eq. 1 [Juckes, 1971].  The 
magnitudes of the slopes (β ≡ precipitation efficiency) and vertical intercepts (κ ≡ protein 
intrinsic solubility) of the linear-regressed curves are summarised in Table 4. 
 
β-value – Visual inspection of Figure 36 confirms that PEG branching increased 
protein solubility (thus lowered β), although this graphically apparent trend is largely 
statistically insignificant (p-values listed in Appendix D).  The latter may be inherent to 
the precipitation micromethod, as well as small sizes of the test PEGs.  Within 
experimental variations, the solubility curves of branched PEGs matched their linear 
counterparts with comparable hydrodynamic radius, in agreement with previous findings 
(Figure 30).  β was also observed to generally increase with protein hydrodynamic 
radius. 
 
κ-value – All intrinsic solubility data inferred from the same protein were 
expectedly invariant (similar κ, within experimental variations).  While intrinsic solubility is 
independent of PEG, it is a function of protein shape, surface charge and hydrophobicity. 
 
 
Figure 36 continues next page. 





Figure 36. Semi-logarithmic solubility plots of different purified proteins in various PEG 
solutions at 4oC. 
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β-value + SD 
















(mAb529, BTI) 900 
6.0-
7.0+ 1.0 
0.520 + 0.074 
1.571 + 0.244 
0.532 + 0.084 
1.579 + 0.189 
0.585 + 0.079 
1.624 + 0.220 
0.588 + 0.090 
1.583 + 0.332 
0.653 + 0.068 
1.705 + 0.057 
0.652 + 0.048 
1.651 + 0.148 
0.692 + 0.018 
1.613 + 0.057 
Apo 
(Horse spleen) 443 
4.3- 
4.6‡ 4.0 
0.532 + 0.086 
1.785 + 0.441 
0.481 + 0.046 
1.749 + 0.177 
0.605 + 0.043 
1.674 + 0.123 
0.550 + 0.027 
1.597 + 0.140 
0.672 + 0.067 
1.759 + 0.013 
0.669 + 0.022 
1.716 + 0.071 
0.679 + 0.038  
1.580 + 0.109 
Amy 
(Sweet potato) 200 4.8
∆
 4.0 0.388 + 0.038 3.255 + 0.255 
0.382 + 0.070 
3.244 + 0.533 
0.407 + 0.014 
3.087 + 0.095 
0.397 + 0.057 
3.076 + 0.461 
0.412 + 0.022 
2.821 + 0.124 
0.414 + 0.067 
2.718 + 0.460 
0.477 + 0.018 
2.853 + 0.134 
IgG 
(Anti-RhD, BTI) 150 8.7
□
 4.0 0.202 + 0.018 1.822 + 0.172 
0.215 + 0.023 
1.954 + 0.177 
0.246 + 0.004Ұ 
1.873 + 0.033 
0.236 + 0.005 
1.891 + 0.073 
0.256 + 0.017 
1.736 + 0.101 
0.250 + 0.009 
1.646 + 0.132 
0.277 + 0.018 
1.737 + 0.010 
BSA 
(Bovine serum) 66 5.3ⁿ 50 
0.212 + 0.017 
3.807 + 0.210 
0.207 + 0.011 
3.702 + 0.099 
0.227 + 0.022ҰҰ 
3.714 + 0.252 
0.222 + 0.026 
3.704 + 0.254 
0.251 + 0.029ҰҰ 
3.791 + 0.352 
0.253 + 0.013 
3.756 + 0.163 
0.266 + 0.009 







0.116 + 0.010 
3.086 + 0.020 
0.120 + 0.006 
3.254 + 0.120 
0.125 + 0.006  
2.955 + 0.051 
0.131 + 0.003 
3.092 + 0.030 
0.139 + 0.011 
2.882 + 0.102 
0.137 + 0.011 
3.007 + 0.143 
0.145 + 0.010  
2.804 + 0.115 
 
#
 Final protein concentration in precipitation mixture, after adding PEG. 
+
 Isoelectric focusing by Tscheliessnig et al. [2009].  Test pH was 6.5. 
‡
 Isoelectric focusing by Bulte et al. [1994].  Test pH was 4.5. 
∆
 Sigma-Aldrich in-house reference (Boehringer Mannheim, Biochemica Information, p. 161); Isoelectric focusing by Kohno et al. [1989] on 
Amy from Alfalfa (Medicago sativa L.) seeds. 
□
 By amino acid sequence using http://kr.expasy.org/tools/pi_tool.html.  
ⁿ Isoelectric focusing by Wallevik [1973]. 
^ Sigma-Aldrich product information obtained from http://www.sigmaaldrich.com/life-science/metabolomics/enzyme-explorer/learning-center/ 
cytochrome-c.html.  Test pH was 10.2. 
Ұ
 Atha and Ingham [1981] have reported an IgG β-value of 0.178 for linear PEG4000. 
ҰҰ Juckes [1971] has reported a BSA β-value of 0.273 for linear PEG6000; Atha and Ingham [1981] have reported human serum albumin 
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Solubility of specific protein (IgG) in protein mixture (CHO supernatant) 
 
β-value – The PEGs were more efficient in precipitating IgG from CHO 
supernatant than from the purified solutions.  The β-values in Figure 37 were found to 
be significantly higher than those in Figure 36 (14.0-32.6 %; p-value < 0.05, except 
for branched PEG4000 where p-value = 0.058, and linear PEG4000 where p-value = 
0.071).  The other proteins (~65-75 %w/w) in the CHO supernatant could had 
partnered PEG to synergistically exclude IgG from the protein mixture (thus 
increasing β).  This induction is compatible with the excluded volume theory, and 
should not affect previous conclusions on the qualitative effects of PEG branching 
and PEG hydrodynamic radius. 
 
κ-value – The IgG κ-values inferred by Figure 37 were slightly lower than 
those in Figure 36 (6.2 %; p-value = 0.127).  This denoted lower IgG intrinsic 
solubility in CHO supernatant, perhaps due to competition with other proteins for 
water of hydration. 
 
 




β-value – Regardless of PEG shape, the β-values were found to be thermally 
insensitive at 4-25oC.  As shown in Figure 38, the visually discernible changes in β 
were minor and statistically insignificant.  This is consistent with previously observed 
lack of thermal effect on rh (Figure 16), and the theory of Juckes [1971] that β is 
independent of environmental parameters (as long as rh stays unchanged). 
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κ-value – The κ-value was significantly lower at 4oC (95% confidence), which 
pointed to a cooling-induced reduction of intrinsic solubility.  According to Zigman and 
Lerman [1965], cooling tweaks the balance between hydrogen and hydrophobic 
bondings by protein side chains, and thus changes the protein surface chemistry and 
conformation.  Scheraga et al. [1962] has shown that the cooling of aqueous protein 
solutions inhibits hydrophobic bond formation, and thereafter the freed non-polar 
proteins side chains reduce protein solubility.  The trade-off in using merely low 
temperatures to precipitate protein (cold precipitation) is that the solutions will 







Figure 38. Temperature effect on IgG solubility in different PEG solutions 
 
4.3.4 Precipitation Kinetics 
 
The parameters that determine precipitation rates are: the level of protein 
supersaturation, viscosity, mixing (power-to-volume ratio), and environmental 
condition (pH, temperature and ionic strength) [Harrison et al., 2003].  In small scale, 
the rigorous mixing (high power-to-volume ratio) removes transport limitation 
(assuming homogeneous isotropic turbulence model), which in turn nullifies the 
viscosity effects.  When the same pH is used for all PEGs in small scale, the protein 
supersaturation level should become the rate limiter.  Hence, the time from PEG 
addition to new (lower) protein solubility should be a decreasing function of protein 









β-value (+ SD) 0.223 + 0.051 0.228 + 0.037 0.256 + 0.052 
κ-value (+ SD) 2.170 + 0.299 2.090 + 0.214 2.117 + 0.333 
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reduction by PEG branching could not compensate for the effect of lowered protein 
supersaturation, and thus PEG branching effectively resulted in slower kinetics. 
 
 
Figure 39. Precipitation kinetics of 0.5 mg/ml purified IgM in 5%w/v PEG, pH 6.5.  
Note on Figure 39: The solubility data calculated from final recovery: log S120min = -1.42 + 0.06 
(linear PEG9000), -1.04 + 0.11 (branched PEG9000), -1.13 + 0.07 (linear PEG6000), -0.76 + 
0.05 (branched PEG6000), -0.74 + 0.14 (linear PEG4000) agree well with the data in Figure 
36. 
 
PEGs with comparable hydrodynamic radii (rh,PEG) yielded similar kinetics 
(within experimental variations), suggesting that rh,PEG had controlled precipitation 
kinetics through the supersaturation level.  This fits previous observations (Figure 30 
and Figure 36) on the central role of rh,PEG. 
 
Regardless of PEG shape, larger rh,PEG generally correlated to larger 
precipitates, except for linear PEG4000, which appeared to yield slightly larger 
precipitates than branched PEG6000 of similar rh,PEG (Figure 40).  This could be a 
result of experimental variations exacerbated by fast kinetics, incomplete mixing, 
viscous solutions, random intermolecular interactions, and amorphous precipitates of 
indefinite shapes and chemical compositions.  Another possible explanation is that 
the more elongated linear PEG4000 molecules were less evenly distributed in 
solution compared to the more spherical branched PEG6000.  Thus linear PEG4000 
could had allowed wider pockets that in turn accommodated the larger precipitates 
(although the total mass of precipitate was similar to the case of branched 
PEG6000).  Figure 40 also verifies that the precipitates were effectively isolated by 
0.22 µm filtration. 
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Figure 40. Hydrodynamic diameter of IgM precipitates (dprec) from Figure 39 plotted 
with discrete time points (left) and as 7-period moving averages (right). 
 
 Taken together, Figure 39 and Figure 40 suggest that the nucleating step 
(dprec ~ 10-100 nm) was controlling during the first 2-5 min, when the levels of 
supersaturation were higher, afterwhich the precipitation progressed to orthokinetic 
shear-limited growth until stable solubility (assuming no perikinetic diffusion-limited 




 The studies confirmed the tradeoff of PEG branching: reduced viscosity 
versus lower precipitation efficiency.  This relationship can be tuned to a favorable 
outcome by using the branched PEG at a higher concentration to improve the 
precipitation yield, whilst achieving net reduction in dynamic viscosity relative to a 
(lower concentration of) linear PEG with equivalent MW. That said, the branched 
PEG precipitants as they currently stand are not commercially viable, since cheaper 
short linear PEGs of comparable rh,PEG can achieve the same improvement. 
 
The central role of rh,PEG in controlling precipitation outcomes is consistent 
with steric mechanisms like volume exclusion and depletion.  These mechanisms, 
together with rh,PEG, should therefore serve as the basis to explain the observed 
effects of PEG branching, and to develop a scientific model for general-shaped PEG 
(Section 5).   
 
 Meanwhile, we attempt to qualitatively account for the observed PEG 
branching effects as follows: 
• Precipitation effects in terms of volume exclusion – Branching of the PEG chain 
limited the spatial extension of the PEG molecule, which caused it to be more 
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densely packed (intra-molecularly) and globular in solution.  Consequently, each 
branched PEG molecule in solution encased less water and excluded less 
volume.  Since the branched PEGs were less able to dehydrate the proteins, the 
latter stayed compact inside their water shells and tended to disperse (rather than 
to aggregate), resulting in lowered precipitation efficiency. 
• Precipitation effects in terms of depletion mechanisms – Branching of the PEG 
chain restricted it’s conformational freedom [Bergstrom et al., 1994].  The 
constricted branched PEG was less able to deplete protein, while itself was more 
easily depleted by the protein.  This way, the protein tended to stay soluble.  In 
terms of attractive depletion, the osmotic pressure (by PEG) to aggregate the 
protein was lower as the branched PEG could more easily interject between 
(rather than to surround) the neighbouring protein molecules.  This kept the 
protein dispersed and soluble, thus discouraging precipitation. 
• Net reduction in dynamic viscosity – The reduction of rh,PEG by PEG branching 
created a more globular PEG in solution, lowering it’s tendency to participate in 
chain crossover and entanglement with neighboring molecules.  This effectively 
increased shear rate of the branched PEG solution (when responding to a 
constant shear stress during rheometric measurement), enabling a net reduction 
in dynamic viscosity (≡ shear stress / shear rate), even when compared to lower 
concentrations of linear equi-MW PEGs that yielded the same collective excluded 
volume and protein recovery. 
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 We have seen in the previous section that the efficiency of branched PEG 
precipitants is lower than linear versions of equivalent molecular weights (MW).  On 
the other hand, branched and linear PEGs of comparable hydrodynamic radius 
(rh,PEG) yield similar precipitation outcomes in terms of protein solubility, precipitation 
selectivity and precipitation kinetics.  These outcomes suggest that rh,PEG would 
account for the effects of both PEG shape and PEG MW, whereas the exclusive use 
of PEG MW would omit the effect of PEG shape.  Put differently, the efficiency of a 
PEG precipitant would be more comprehensively characterized by rh,PEG than PEG 
MW.  
 
 This section details the development a scientific model to clarify the role of 
rh,PEG.  Building on the theoretical framework of Odijk [2009], we applied a power law 
by Fee and Alstine [2004] to formulate a general expression which uses rh,PEG as the 
inclusive parameter to characterize the PEG effect. The coefficients of a linearized 
form were fitted using solubility data from Section 4.3.3.  Predictions by the resultant 
expression were then compared to empirical data and other models. 
 
5.2 Model Development 
5.2.1 Theoretical Development 
  
The addition of PEG to a protein solution results in an increase in 
thermodynamic activity of the protein, whose chemical potential (J/mol) in saturated 
solution can be written in isothermal and isobaric condition as [Atha and Ingham, 

















where µo (J/mol = N·m/mol) is the chemical potential of an infinitely dilute pure protein 
in ideal solution (reference state of zero intermolecular interaction), G (J) is the Gibbs 
free energy, n (mol) is the number of protein particles, R (J/K·mol) is the gas 
constant, and T (K) is the absolute temperature.  By gas law, RT has the unit of 
Pa·m3/mol (N·m/mol).  S1 (mol/L) is the molarity of soluble protein in the presence of 
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ω1 (mol/L) PEG.  The interaction coefficients d1 and a1 (L/mol) refer to the protein-
protein (second virial coefficient of protein) and PEG-protein interactions respectively.  
The effects of buffer constituents (due to their low concentration), and higher order 
virial coefficients (assuming insignificant effects) are ignored.  Noting that the 
bracketed terms on the right hand side have no unit, Eq. 13 has been re-written by 
Atha and Ingham [1981] as 
)adSS(lnRT 11o ω+++µ≅µ  Eq. 14 
where S has the unit of g/L (or mg/ml) and d1 = d·Mr,prot, and has the unit of L/g.  
Mr,prot (g/mol) is the protein MW.   
 
In Eq. 13 and Eq. 14, the protein-protein interaction term is expected to be 
negligible, since the number of soluble protein molecules (1.0e-9 mol/ml, basis of 0.1 
mg/ml protein of 100 kDa) for typical PEG-induced precipitation is several orders of 
magnitude lower than PEG (1.7e-5 mol/ml, basis of 0.1 g/ml PEG of 6 kDa).  Mean 
field theory (MFT) can be used to further simplify the system, through re-scaling a1ω1 
to the depletion of PEG Kuhn segments by protein [Odijk, 2009].  The length of each 
Kuhn segment, A (nm), is equivalent to the distance one must travel along the PEG 
chain until all memory of the starting direction is lost [Sperling, 2006].  Each PEG can 
also be considered as a molecule of freely jointed Kuhn segments.  Through MFT 
and taking µ as a constant, Odijk [2009] has expressed Eq. 14 at the microscopic 
level as 
kBT ln S + F1 = constant Eq. 15 
where kB (J/K) is the Boltzmann constant and F1 (J/particle) is the free energy of 
depletion involved in immersing a protein particle into semi-dilute PEG solution. 
 
If the radius of a protein dissolved in a semi-dilute polymer solution is aprot 
(nm), the volume surrounding the protein from which the polymer is depleted shall be 
of the order 3prota  [De Gennes, 1979a].  Linking this relation to the way Eq. 15 has 
been derived, the number of depleted segments per unit volume should be of the 
order 0
3
protca , where c0 is the number of PEG Kuhn segments per nm3 [Odijk, 2009].  
F1 is assumed as proportional to the number of depleted segments, F1 ∝ 03protca .  
Odijk has further proposed to reduce F1 by a factor h (to reduce the number of 
degrees of freedom) resulting in 
F1 3prota c0h-1kBT Eq. 16 ∝
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h can also be seen as the number of PEG segments.  According to Odijk [2009], if 
the protein is a moderate-sized sphere and the polymer behaves like a Gaussian 
random coil, then h ≃ (aprot/A)2, i.e. the mean square (average) extension, aprot 
approximates to h1/2A.  This is derived from the self-avoiding random walk model 
which describes a randomly-oriented chain that does not cross itself or another 
chain, thus satisfying the excluded volume condition [De Gennes, 1979b; Flory, 
1953; Pearson, 1905].  Eq. 16 now becomes 
F1 ≃? k1A2aprotc0kBT Eq. 17 
where k1 is a numerical coefficient.  By substituting Eq. 17 into Eq. 15, a differential 











where the numerical coefficient k2 includes k1 and (NA)-1 [Odijk, 2009].   
 
To express Eq. 18 in practical units, A can be taken as proportional to the 
PEG radius of gyration (rg,PEG), like the case for smaller “flexible-rod-like” chains 
[Uematsu et al., 2006].  aprot is related to the protein hydrodynamic radius (rh,prot) 
through the concept of particle capacitance, C1, interpreted as the ability of a spatially 
extended Brownian particle to sweep out a certain volume per unit “time” [Douglas et 
al., 1994; Hubbard and Douglas, 1993].  C1 is related to the translational Brownian 
friction coefficient through 1sC6f piη≈  [Douglas et al., 1994; Hubbard and Douglas, 
1993; Odijk, 2009], where sη is the solvent viscosity.  C1 is analogous to rh in the 
Stokes relation, hsr6)sphere(f piη≈ .  The general form of F1 should be proportional 
to C1, which Odijk [2000] has set as s1 a4C pi= , for a nanoparticle of radius as 
immersed in semi-dilute solution of a flexible polymer with a ‘good’ solvent.  Insofar 
























 Eq. 19 
where Mr,PEG (g/mol) is the PEG MW.  Odijk has determined the numerical coefficient 
k3 to be 24π/ln10, which includes k2, ln10 to convert lnS to logS, and a factor to 
change ω1 (mol/L) to ω (%g/ml).  The radii variables are in nm.  β 
[log(mg/ml)]/[%g/ml] represents precipitation efficiency in accordance to Eq. 1.  Eq. 
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19 is in reasonable agreement with Juckes’ [1971] observation that 14.1prot,hr∝β  for the 
same PEG, and rebuts earlier theories of 2prot,hr∝β  [Ogston, 1958] and 3prot,hr∝β  [Chun 
et al., 1969].
 
5.2.2 Proposed Model 
 
Flory [1953] has expressed the need for a factor to account for the non-
linearity of branched polymers.  It is proposed to achieve this by relating A in Eq. 18 
to rh,PEG, which in turn implicitly accounts for the branching factor (Eq. 8).  Further 
taking into account the previous observations that rh,PEG alone could sufficiently 
model PEG’s impact on β (i.e. Mr,PEG need not be explicitly considered), the Mr,PEG 




PEG,h rkr ⋅=β  Eq. 20 
where k
 
is a numerical coefficient. 
 
rg,PEG in Eq. 19 was taken as proportional to rh,PEG, since rh,polymer is numerically 
similar and proportional to rg,polymer [Bhat and Timasheff, 1992; Iatrou et al., 1995; 
Roovers and Martin, 1989; Tanford, 1961].  In fact, both were found to be 
approximately equal at infinite polymer dilution [Uematsu et al., 2006].  It was also 
perceived that rh,PEG PEG4000-6000 could be more easily measured (dynamic light 
scattering) than rg,PEG (static light scattering).  At such PEG sizes, the wavelength of 
incident light needed to demonstrate angular dependence for the static scattered light 
would be out of the visible range, into the X-ray wavelength range.  Static light 
scattering at this wavelength range requires equipments performing small-angle X-
ray scattering, and that involves synchrotrons [Correspondence with Dr. Ahlgren J.A, 
Wyatt Technology Corporation].  Therefore, a relation containing rh,PEG would be 
more user-friendly than one with rg,PEG.  
 
 To solve Eq. 20, the solubility data in Table 4 was fitted to brmβ 0.211PEGh, +⋅= , 
with m and b set as proportional to rh,prot (Figure 41, Figure 42).  The first term 
( 0.211PEGh,rm⋅ ) can be interpreted as the depletion of protein by PEG. The PEG-
independent second term (b) can account for the intrinsic excluded volume of protein, 
and the depletion of PEG by protein, effects which enable the protein to stay soluble. 
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While m (>0) and b may be of opposite signs, β should be a positive value for typical 
PEG and protein sizes (rh,PEG ~ 1–4 nm, rh,prot ~ 2–10 nm) [Atha and Ingham, 1981; 
Juckes, 1971]. 
 
In Figure 41, the branched PEG data appears to be randomly distributed 
among linear PEG data, suggesting that the impact of PEG branching on protein 
precipitation was controlled through rh,PEG, and that the influence of rh,PEG on β was 
independent of PEG shape.  In Figure 42, the regression data (slope and vertical 
intercept) from Figure 41 was put through the origin.  This had resulted in m ~ 
0.076·rh,prot and b ~ -0.045·rh,prot, leading to the correlation 
prot,hprot,h
211.0
PEG,h r045.0rr076.0 -=β  Eq. 21 
For a large protein, the β-value of IgM was unexpectedly less sensitive to changes in 
rh,PEG, in that the vertical axis values of IgM in Figure 42 were smaller-than-expected.  
The non-spherical (disc or stellate) shape of IgM might have muted the adjustment of 
depletion potential by rh,PEG changes. 
 
Eq. 21 is expected to score the effect of solution conditions like temperature, 
pH, ionic strength, provided that rh,PEG and rh,prot are measured in this environment.  
Eq. 21 also implicitly accounts for PEG shape (i.e. applicable to general-shaped 
PEG) and is thus a more general form of Eq. 19 (which only applies to linear PEGs).  
The proposed relation would be particularly useful when reliable information on the 
PEG MW and shape is unavailable, and when rh,PEG and rh,prot could be easily 
measured.  For spherical globular proteins, rh,prot could also be determined by a 
relation proposed by Hagel [1998] 
3/1
prot,rprot,h M)02.082.0(r ±=  Eq. 22 
where Mr,prot (Da) is the protein MW.  Since the coefficients in Eq. 21 were empirically 
derived from the solubility of purified proteins, Eq. 21 could underestimate β when 
other proteins are present, e.g. cell culture supernatant (Section 4.3.3).  Finally, rh,PEG 
and rh,prot (measured in dilute solution) in Eq. 21 have no physical meaning 
representative of actual precipitation conditions (concentrated solution). 
  






Figure 41. Linear regression of solubility data from Table 4 on PEG hydrodynamic 
radius raised to the exponent of 0.211 (rh,PEG0.211). 
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Figure 42. Linear regression of data from Figure 41 on protein hydrodynamic radius 
(rh,prot). 
 
5.3 Results and Discussions 
5.3.1 Model Predictions 
 
Predicting the effect of PEG branching 
 
Eq. 21 states that PEG branching lowers β, through the reduction of rh,PEG.  
The efficiency ratio of branched to linear PEG (βBr/βL) can be derived from Eq. 21 (for 















 Eq. 23 
Together with Figure 13, Eq. 23 generated the hypothesis that a smaller PEG would 
see a greater branching-induced drop in β (Figure 43).  This hypothesis was tested 
using data from Figure 36.  Figure 43 shows that in practice, the trend of βBr/βL 
change across different size PEG was inconspicuous for most proteins except 
apoferritin.  This lack of observable effect is conceivable considering the small 
exponent of rh in Eq. 23 (relative to β), small numerical magnitudes (small PEG 
sizes), and significant experimental variations (micro-scale experiments).  The 
apparent independence of βBr/βL with protein size seen in Figure 43 is consistent with 
Eq. 23. 
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Figure 43. Hypothesis (left) and observation (right) of PEG branching effects on 
precipitation efficiency. 
 
A disadvantage of this simple model is that it cannot quantitatively predict the 
net reduction in dynamic viscosity by PEG branching, relative to equi-MW linear 
PEGs that yield the same precipitation outcome (Figure 28). 
 
Predicting the effect of temperature 
 
Eq. 10 and Eq. 21 can be combined to derive an expression that quantifies 















 Eq. 24 
where T1 and T2 are absolute temperatures in K.  Eq. 24 approximates a 1.7 % 
reduction in β when the temperature drops from 23 to 4oC.  However, such small 
changes were found to be unapparent in practice, as shown in Figure 38 where the 
solubility curves generated by the same PEG at 4 and 23oC are relatively parallel.  
This commensurates with previous reports (e.g. Juckes [1971]), observed 
insignificant thermal response of rh,PEG (Figure 16), and the small exponent of T in Eq. 
24 (relative to β).  Any observed thermal effect over the relatively small temperature 
range was largely limited to protein intrinsic solubility (κ-value), and was apparently 
independent of PEG. 
 
Predicting the effect of protein size 
 
Eq. 21 was compared to other models in predicting the effect of protein size 
(Figure 44), vis-à-vis independent solubility data taken from Atha and Ingham [1981].  
Quantitatively, the predictions by Eq. 21 fell between those of Atha and Ingham 
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[1981] (ideal geometric model where β = (10.968/Mr,PEG)·(rh,PEG + rh,prot)3), and Eq. 19 
[Odijk, 2009], with the latter model agreeing best with empirical data.   
 
Figure 44. Predicted effect of protein hydrodynamic radius (rh,prot) on β-value of 
different purified proteins with linear PEG4000.   
Notes on Figure 44:  
• Part of the figure was originally published in Atha and Ingham [1981], The Journal of 
Biological Chemistry © The American Society for Biochemistry and Molecular Biology. 
Reproduction permission was granted. 
• The experimental data was taken from Atha and Ingham [1981].  The proteins were 
lysozyme (Lys, 14.4 kDa), α-lactalbumin (α-Lac, 14.4 kDa), chymotrypsin (Chy, 24.5 
kDa), human serum albumin (HSA, 66.0 kDa), human γ-globulin (IgG, 160.0 kDa), 
aldolase (Ald, 149.1 kDa), thyroglobulin (Thy, 670.0 kDa), and human fibrinogen (Fib, 
340.0 kDa).  
• The β-value for HSA has been corrected from -0.147 (in the original published chart) to -
0.23, based on Figure 3 in Atha and Ingham [1981]. 
  
While all models correctly predicted the observed trend of β as an increasing 
function of protein size, there was a tendency to overestimate β for the smaller and 
larger proteins.  The former may be due to the neglect of repulsive Coulomb potential 
by these models.  While the total potential was expected to be dominated by 
attractive depletion potential in typical practice, the repulsive Coulomb potential 
became more significant for small proteins (although still small in magnitude relative 
to the depletion potential) [Li et al., 2008].  Another explanation could be that the 
PEG and small proteins easily interpenetrated one another, thus weakening the 
osmotic pressure.  Certain specific surface properties (e.g. charge) which promote 
protein solubility could also be amplified by the high surface-to-volume ratio of small 
proteins. 
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For large proteins, the models’ tendency to overpredict β could be due to 
neglected compression (reduced excluded volume) of larger proteins and PEGs in 
concentrated solution.  This overestimation was more severe in Atha and Ingham’s 
model which assumes ideally spherical PEGs.  Finally, it should be mentioned that 
the effects of shape and surface properties of large proteins may be too complex to 
have their precipitation behavior comprehensively predicted by a simple relation like 
Eq. 21. 
 
Predicting the effect of PEG size 
 
The prediction of PEG size effect by Eq. 21 was compared to other models in 
Figure 45, using independent solubility data taken from Atha and Ingham [1981].  
The hydrodynamic radii data (rh) provided by Atha and Ingham [1981] was used to 
calculate β by Eq. 19 [Odijk, 2009] and Eq. 21.  For Eq. 19, the calculation assumed 
rg·ξ = rh, where ξ is the Flory-Fox parameter taken as 0.80 [Bhat and Timasheff, 
1992].   
 
Eq. 21 accurately predicted the observed trend of β as an increasing function 
of PEG size, which is an improvement over the other models that explicitly accounts 
for PEG MW, β∝ (Mr,PEG)-1.  In Atha and Ingham’s model, the predicted interaction 
coefficient approached a constant as PEG size became negligible, but β continued to 
vary inversely with Mr,PEG, causing significant deviations. 
 
Figure 45. Predicted effect of PEG MW on β-value of human serum albumin with 
different linear PEGs at pH 4.5.  
Note on Figure 45: Part of Figure 45 was originally published in Atha and Ingham [1981], The 
Journal of Biological Chemistry © The American Society for Biochemistry and Molecular 
Biology. Reproduction permission was granted. 
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Predicting protein solubility in PEG solutions 
 
Eq. 21 was used to predict the solubility curves of specific proteins with 
known intrinsic protein solubility (κ-values).  Together with rh,prot and rh,PEG lifted or 
inferred from Atha and Ingham [1981], the model predictions were checked against 
independent solubility data from the same source (Figure 46).  While the model 
provided reasonable estimations for larger proteins, the solubility of smaller proteins 
(Lys, Chy) were significantly underestimated (overestimated β).  This was likely 
caused by the neglect of repulsive Coulomb potential and molecular interpenetration 
as discussed earlier alongside Figure 44. 
 
 
Figure 46. Predicted protein solubility in linear PEG4000 solutions.   
 
Notes on Figure 46: 
• Part of the figure was originally published in Atha and Ingham [1981], The Journal of 
Biological Chemistry © The American Society for Biochemistry and Molecular Biology. 
Reproduction permission was granted. 
• The experimental data was taken from Atha and Ingham [1981] who conducted their 
study in 0.05 M potassium phosphate, pH 7.0 at room temperature.  The proteins were 
lysozyme (Lys, 14.4 kDa), α-lactalbumin (α-Lac, 14.4 kDa), chymotrypsin (Chy, 24.5 
kDa), human serum albumin (HSA, 66.0 kDa), human γ-globulin (IgG, 160.0 kDa), 
aldolase (Ald, 149.1 kDa), thyroglobulin (Thy, 670.0 kDa), and human fibrinogen (Fib, 
340.0 kDa).  
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5.3.2 Model Qualifications 
  
While the proposed model works reasonably, it was derived from many 
assumptions and simplifications, which subjects the model to several limitations.  
These assumptions, simplifications and limitations are summarised in Table 5. 
 
Table 5. Limitations of the proposed model. 
Assumptions and simplifications 
used to develop model 
Limitations imposed 
on model 
• Depletion potential is dominant; other 
intermolecular forces are negligible. 
 
• Higher order virial coefficients are 
negligible due to low protein-to-PEG 
molarity ratio (high protein-to-PEG 
size ratio). 
 
• Tends to underestimate the 
solubility of small proteins, when 
repulsive Columbic potential could 
be significant, or when small 
proteins penetrate into the PEG 
phase. 
• Saturated solution of proteins in 
stable solubility. 
 
• Does not model precipitation 
kinetics. 
• The coefficients in Eq. 21 were 
empirically derived from the solubility 
data of selected purified proteins. 
 
• These coefficients could be 
adjusted when more solubility data 
becomes available. 
 
• Could underestimate β when other 
proteins are present, e.g. in cell 
culture supernatant. 
 
• β is independent of PEG shape and 
MW, except for their effect on rh,PEG. 
 
• β is independent of environmental 
condition (buffer composition, 
temperature, pH and ionic strength), 
as long as rh,PEG and rh,prot used to 
predict β are measured in this 
condition. 
 
• PEG acts like Gaussian random coil, 
regardless of molecular shapes such 
as spheres and rods. 
 
• Unable to describe special cases, 
e.g. (i) when there are specific 
attractions between a protein and 
PEG, as has been suggested by 
Bloustine et al. [2006] for some 
cases, and (ii) when the protein is 
large or bears a non-spherical 
shape, like stellate IgM. 
 
Table 5 continues next page. 
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Assumptions and simplifications 
used to develop model 
Limitations imposed 
on model 
• Only rh,PEG and rh,prot are explicitly 
used to model the precipitation 
outcomes.  
• rh,PEG and rh,prot (measured in dilute 
solution) have no physical meaning 
representative of actual precipitation 
conditions (concentrated solution). 
 
• Unable to quantify net dynamic 
viscosity reductions achieved by 
PEG branching. 
 
• Other than relating through rh,PEG, 
the model is unable to illustrate 
other effects of branching (should 





 We propose a model that uses rh,PEG and rh,prot to explicate the efficiency of 
general-shaped PEG precipitants.  This led to a simple correlation that predicts the 
effects of PEG branching, PEG size, protein size and environmental conditions on 
precipitation efficiency.  In particular, PEG branching effects can be succinctly 
explained through the reduction in rh,PEG.  While the predictions agrees reasonably 
well with empirical data and generally emulates previous models, the simplicity of the 
correlation gives rise to potential quantitative deviations when involving small 
proteins, large proteins and protein mixtures.  Nonetheless, the model offers a new 
insight into the precipitation mechanism by clarifying the significance of rh,PEG. This 
would in turn help to refine the selection criterion for PEG precipitants. 
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6. SUMMARY AND CONCLUSION 
 
Summary of work done 
 
The objective and milestones set out in Sections 1.3 and 1.4 have been 
reached.  Following an assessment of various branching options, 3 and 10-arm star-
branched PEGs of different sizes were synthesized and characterized.  Of these, the 
3-arm star precipitant had proved be more efficient and was thus identified as the 
model branched structure for comprehensive precipitation studies using high-
throughput micromethods.  In these studies, the effects of PEG branching on protein 
precipitation were elucidated in terms of specific protein recovery, protein solubility, 
precipitation selectivity, and precipitation kinetics.  These empirical observations 
were used to model the efficiency of general-shaped PEG precipitants.  This then led 
to the formulation of a simple correlation to predict the effects of PEG branching, 
PEG size, protein size and environmental conditions on precipitation efficiency. 
 
Summary of main findings 
 
The following sum-ups the key findings in this thesis 
• While the branching of PEG precipitants reduced viscosity, it also lowered the 
precipitation efficiency and slowed down the precipitation kinetics. 
• By using higher concentrations of branched PEGs, viscosity reductions of 20.9 + 
2.2% was achieved, relative to lower concentrations of equi-MW linear PEGs that 
yielded comparable IgG recovery. 
• PEG branching had negligible effect on precipitation selectivity, in that the 
compositions of proteins precipitated by branched and linear PEGs were similar. 
• The efficiency of PEG precipitants was controlled by their hydrodynamic radii, 
regardless of molecular weight and shape.   
• Through explicating the central roles of PEG and protein hydrodynamic radii, the 
efficiency of general-shaped PEG precipitants and the effects of PEG branching, 
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Summary of key challenges 
 
The main challenges that have been encountered and the efforts to overcome 
them are listed below 
• The reaction scheme to synthesize the model branched PEG was highly sensitive 
to water contamination.  As little as 0.3 %w/w water could totally quench the 
intended linkage reactions between the trifunctional precursor and PEG arms, by 
hydrolyzing all acyl chlorides on the benzoic precursor to carboxylic acids.  This 
difficulty was compounded by the hygroscopic nature of PEG; commercial PEGs 
contain around 1 %w/w water (Karl Fischer titration).  To address this issue, all 
glassware and reagents were rigorously dried before reaction, and the reactions 
were carefully conducted in dry conditions. 
• During synthesis, the terminal hydroxyl group of mPEG could be inactivated by 
intra and inter-molecular hydrogen-bonding with oxygen atoms of PEG main 
chain, as well as self-penetration of the terminal group into the mPEG bulk.  To 
improve product yield, the reaction mixture was diluted to around 10-2 mole/dm3 
of mPEG [Topchiyeva, 1990] and the reaction time was extended. 
• As the target branched PEG and potential major impurities had similar size and 
chemical content, it was difficult to develop a lab-executable purification process 
that enables both high purity and high yield.  As a countermeasure, product yield 
(50.3–71.8 %) was sacrificed in favor of purity (> 95 %w/w) through rigorous 
dialysis (most product losses had occurred during the dialysis step). 
• For the above same reason, it was difficult to directly assure the product purity.  
This was partially abated by proving the scarcity of unreacted mPEGs.   
• The small working volumes of the precipitation micromethods had contributed to 
poor precision.  This was partially addressed by conducting triplicate independent 
experiments.  The conclusions were also supported by results derived from a 
comprehensive panel of different size PEGs, purified proteins and protein 
mixtures. 
 
Conclusion and suggested future work 
 
While PEG branching has met the objective of reducing viscosity, the 
branched PEGs precipitants as they currently stand are not commercially viable, 
since shorter and cheaper linear PEGs (of comparable hydrodynamic radii) could 
achieve the same improvement.  To enhance their commercial attraction, the 
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branched PEG precipitants have to be modified, possibly by introducing charged 
groups.  The hypothesis is that the charged(-branched) PEGs would repel like-
charged target proteins to improve precipitation.  Notably, more charged groups 
could be attached to branched PEGs than to linear PEGs, since the former could 
bear more terminal functional groups.  This way, the modified PEGs would enable 
both improved precipitation selectivity and lower solution viscosity. 
 
Such PEG modifications may also be useful in other biotechnological 
applications, for example 
• Aqueous two-phase separation [Johansson, 1970a, 1970b; Johansson et al., 
1973], phase separation that enables single-step isolation of target proteins from 
cells and other impurities [idea of Jungbauer A.] 
• Cell preservation [Neuzillet et al., 2006] 
• Cell protectant against turbulent damage [Croughan and Wang, 1989] 
• Protein pegylation [Bailon et al., 2001; Veronese et al., 1997a, 1997b; Veronese 
and Pasut, 2005] 
• Excipient for protein formulation and stabilization [Liu et al., 2005; Manning et al., 
2010; Sharma and Kalonia, 2004; Wang, 1999] 
• Modification of chromatography elution [Gagnon et al., 1996; Gagnon, 2008; 
Snyder et al., 2009] 
The application of modified PEGs remains largely unexplored in the above areas, 
except for protein pegylation (branched PEG5000-40000) and aqueous two-phase 
separation (charged PEGs). 
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        APPENDIX 
 
Appendix A: Theoretical Development of Juckes [1971] Model 
 
As invoked in Section 5.2.1, the chemical potential of a protein in saturated 

















where µ (J/mol) is the chemical potential of protein, G (J) is the Gibbs free energy, n 
(mol) is the number of protein particles, µo (J/mol) is the chemical potential of an 
infinitely dilute pure protein in ideal solution, R (J/K·mol) is the gas constant, T (K) is 
the absolute temperature, S1 (mol/L) is the molarity of soluble protein, ω1 (mol/L) is 
the molarity of PEG, d1 (L/mol) is the protein-protein interaction coefficient, and a1 
(L/mol) is the PEG-protein interaction coefficient.  
 







 Eq. 25 
where constant κ’ is equivalent to the intrinsic protein solubility.  Eq. 25 can be 
rewritten as an analogue the protein-salting Cohn equation [Cohn, 1925] 
κβωlogS +−=  Eq. 26 
where S (g/ml) is the concentration of soluble protein and ω (%w/v)
 
is the 
concentration of PEG.  β [log(mg/ml)/(%w/v)] represents the precipitation efficiency, 
whereas κ [log(mg/ml)] depicts the intrinsic protein solubility.  Deviation from Eq. 26 
is expected at pH remote from the protein isoelectric point (protein is charged), and 
at low ionic strength (low screening of charges), when there would be significant 
protein-protein interaction. 
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Appendix B: Effect of Precipitate Washing 
 
Due to the large number of small samples in the high-throughput precipitation 
micromethod, it was impractical to wash all precipitates in a consistent manner.  To 
examine the significance of (the lack of) washing, a control experiment compared 
unwashed pellets (precipitated by 10 %w/v linear PEG6000 from CHO supernatant 
containing 0.812 + 0.004 mg/ml of IgG) to those washed with PEG (10 %w/v linear 
PEG6000) and 1x PBS (followed by re-precipitation with 10 %w/v linear PEG6000). 
 
Figure 47 shows that washing removed the smaller impurities that were likely 
unprecipitated artefacts retained on microwell walls.  While visual inspection of 
Figure 48 shows that washing reduced the recovery of IgG and improved it’s purity, 
these effects were marginal (statistically insignificant except for the drop in recovery 
due to PBS wash, where p-value < 0.05).  That said, it is argued that (the lack of) 
precipitate washing had insignificant impact on the deductions made in this thesis, as 
long as all precipitate samples were treated equally. 
 
Figure 47. Normalized SEC (TSK G3000SWxl) elution profiles of washed and 
unwashed precipitates by 10%w/v linear PEG6000 from CHO supernatant.   
Note on Figure 47: Bottom chart provides a zoomed-in view of the top chart.   
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Figure 48. Effect of precipitate washing on recovery and purity of IgG precipitated 
from CHO supernatant by 10%w/v linear PEG6000.  
 
  113    
Appendix C: Sample Calculations 
 




          
265.5 Da 
 




9.23 10-3 mol 
 4056 Da* 
 
3.08 10-3 mol 
(if 100% yield) 
 
 
* Theoretical molecular weight (MW) of target product was taken as MW of benzoic 
precursor plus 3x MW of mPEG arm, minus 3x MW of HCl (= 36.5 Da) condensation 
byproduct. 
 
Dry weight of final product = 6.62 g 
Final yield = 6.62g / [(3.08 10-3mol) 4056g/mol] 100% = 53.0 % 
 




          
265.5 Da 
 




6.00 10-3 mol 
 6156 Da∆ 
 
2.00 10-3 mol   
(if 100% yield) 
 
 
∆ Theoretical MW of target product was taken as MW of benzoic precursor plus 3x 
MW of mPEG arm, minus 3x MW of HCl (= 36.5 Da) condensation byproduct. 
 
Dry weight of final product = 7.18 g 






  114    




          
265.5 Da 
 




4.00 10-3 mol 
 9156 Da# 
 
1.33 10-3 mol  
(if 100% yield) 
 
 
# Theoretical MW of target product was taken as MW of benzoic precursor plus 3x 
MW of mPEG arm, minus 3x MW of HCl (= 36.5 Da) condensation byproduct. 
 
Dry weight of final product = 8.74 g 
Final yield = 8.74g / [(1.33 10-3mol) 9156g/mol] 100% = 71.8 % 
 




195 Da  
 
 




9.48 10-3 mol 
(20% excess) 
 5276 Da^ 
(80.5% conversion+) 
 




^ Theoretical MW of target product 
= MWinitiator + (Number of arms)t·MWmonomer 
= 195 Da + 9.66·526 Da 
= 5276 Da 
 
+
 Conversion determined by 1H NMR (Figure 19), equivalent to 9.66 arms. 
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Final yield = 3.23g / [(7.90 10-4mol) 5276g/mol] 100% = 77.5 % 
 
Estimate purity of branched PEGs 
 
The relevant integral peak areas in  
Figure 11 and Figure 21 were substituted into Eq. 2: 
 




× %w/w = 96.1 %w/w 




× %w/w = 97.6 %w/w  




× %w/w = 95.3 %w/w  






 %w/w = 94.4 %w/w 





%w/w = 98.6 %w/w 
 
Calculate reduced specific viscosity of 4 %w/v linear PEG4000 at 25oC 
 





























where c (g/cm3) is the PEG concentration [Flory, 1953]. 
 
Estimate of intrinsic viscosity of linear PEG4000 at 25oC 
 
Reduced specific viscosity ( )c/ηsp  was plotted against PEG concentration (c) 
in Figure 49, where intrinsic viscosity, [ ] ( )c/ηlimη sp0c→= (Eq. 4) [Flory, 1953] ≡  vertical 
intercept = 12.70 cm3/g.  This value is reasonably comparable to those reported by 
Bhat and Timasheff [1992] (13.9 cm3/g at 20oC, superposed in Figure 49), and 
Kawaguchi et al. [1997] (13.0 cm3/g at 25oC). 
× × ×
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Figure 49. Reduced specific viscosity of linear PEG4000 plotted against PEG 
concentration.   
Note on Figure 49: Our data (□) at 25oC is compared to Bhat and Timasheff [1992] (◊) at 
20oC. 
 
Estimate hydrodynamic radius of linear PEG4000 at 25oC from intrinsic viscosity  
 







































Statistical analysis of differential precipitation efficiency 
 
Assuming data normality, the statistical significance of differential β-values 
between test (branched) and control (equi-MW linear) PEG was checked by setting 
up the following hypotheses (Student’s t-test) 
controltest0 :H β=β  Eq. 27 
controltest1 :H β≠β  Eq. 28 
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The aim was to compute the significance level (p-value) of the null hypothesis (Eq. 
27), which represented the probability that two data sets (e.g. Table 6) could be 
perceived as different (Eq. 28), when in reality they are the same (H0).  p-values of 
0.01, 0.05 and 0.10 correspond respectively to 99%, 95% and 90% confidence in the 
alternative hypothesis (Eq. 28).  The p-value of 0.05 is typically used as the 
benchmark to determine statistical significance of the hypothesis. 








n = 3 n = 3 
X1 = 0.2325 X1 = 0.2758 
X2 = 0.2330 X2 = 0.2454 
X3 = 0.2419 X3 = 0.2468 








n  = number of independent experiments  
Xi  =  β-value measured in i th independent experiment 


















































It was then transformed into p-value by a 2-tailed t-distribution with an appropriate 
degree of freedom (ntest + ncontrol – 2 = 3 + 3 – 2 = 4), as computed by the Excel 
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function ‘TDIST(t-value, 4, 2)’.  Alternatively, the p-value could be obtained directly 
from β-value data by Excel function ‘TTEST(X1-3,test, X1-3,control, 2, 2)’, assuming type 2 
t-test (two-sample equal variance or homoscedastic). 
 
In this working example, the p-value was found to be 0.123.  Since H0 cannot 
be rejected with 95% confidence (p-value > 0.05), the β-value difference between the 
test and control PEGs in Table 6 is regarded as statistically insignificant. 
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Appendix D: List of p-values from Student t-testing on β and κ-values  
  
Two-tailed, homoscedastic type distribution was assumed for the Student t-tests.  
A p-value equal to or less than 0.05 (95% confidence) indicates that the difference 
between two sets of values is statistically significant.  Table 7 lists the p-values of β and 
κ (Eq. 1) belonging to different sets of PEGs and proteins shown in Table 4.  The sample 
calculations are shown in Appendix C.   
 
The β reductions by PEG branching (p-values in bold) were largely found to be 
statistically insignificant (p-value > 0.05).  This could be due to the small size of test 
PEGs (resulting in relatively small β changes), as well as small working volume of the 
high-throughput precipitation micromethod (causing poor precision).   
While PEG branching is not expected to affect κ, the p-values of κ are shown for 
reference. 
  120    




Table 7 continues next page. 
β-value 














PEG2600 - 0.876 0.095 0.175 0.029 0.009 0.009 
3-arm 
PEG4000 - - 0.038 0.130 0.011 0.002 0.004 
Linear 
PEG4000 - - - 0.729 0.155 0.017 0.022 
3-arm 
PEG6000 - - - - 0.645 0.323 0.166 
Linear 
PEG6000 - - - - - 0.237 0.107 
3-arm 
PEG9000 - - - - - - 0.240 
Linear 
PEG9000 - - - - - - - 
κ-value 














PEG2600 - 0.626 0.252 0.946 0.144 0.293 0.067 
3-arm 
PEG4000 - - 0.510 0.714 0.293 0.615 0.124 
Linear 
PEG4000 - - - 0.360 0.457 0.668 0.104 
3-arm 
PEG6000 - - - - 0.231 0.418 0.118 
Linear 
PEG6000 - - - - - 0.147 0.190 
3-arm 
PEG9000 - - - - - - 0.027 
Linear 
PEG9000 - - - - - - - 




Table 7 continues next page. 
β-value 














PEG2600 - 0.414 0.262 0.749 0.092 0.057 0.055 
3-arm 
PEG4000 - - 0.027 0.088 0.015 0.003 0.005 
Linear 
PEG4000 - - - 0.136 0.223 0.088 0.093 
3-arm 
PEG6000 - - - - 0.044 0.004 0.009 
Linear 
PEG6000 - - - - - 0.945 0.875 
3-arm 
PEG9000 - - - - - - 0.705 
Linear 
PEG9000 - - - - - - - 
κ-value 














PEG2600 - 0.902 0.695 0.521 0.925 0.803 0.478 
3-arm 
PEG4000 - - 0.577 0.309 0.923 0.782 0.232 
Linear 
PEG4000 - - - 0.518 0.295 0.629 0.381 
3-arm 
PEG6000 - - - - 0.116 0.260 0.874 
Linear 
PEG6000 - - - - - 0.360 0.048 
3-arm 
PEG9000 - - - - - - 0.145 
Linear 
PEG9000 - - - - - - - 




Table 7 continues next page. 
β-value 














PEG2600 - 0.907 0.448 0.830 0.390 0.592 0.022 
3-arm 
PEG4000 - - 0.571 0.791 0.517 0.603 0.087 
Linear 
PEG4000 - - - 0.767 0.773 0.884 0.007 
3-arm 
PEG6000 - - - - 0.684 0.756 0.081 
Linear 
PEG6000 - - - - - 0.972 0.017 
3-arm 
PEG9000 - - - - - - 0.192 
Linear 
PEG9000 - - - - - - - 
κ-value 














PEG2600 - 0.975 0.344 0.588 0.057 0.152 0.073 
3-arm 
PEG4000 - - 0.642 0.702 0.252 0.266 0.286 
Linear 
PEG4000 - - - 0.971 0.042 0.246 0.070 
3-arm 
PEG6000 - - - - 0.406 0.395 0.467 
Linear 
PEG6000 - - - - - 0.729 0.772 
3-arm 
PEG9000 - - - - - - 0.651 
Linear 
PEG9000 - - - - - - - 




Table 7 continues next page. 
β-value 














PEG2600 - 0.486 0.013 0.034 0.019 0.013 0.007 
3-arm 
PEG4000 - - 0.076 0.190 0.065 0.063 0.021 
Linear 
PEG4000 - - - 0.055 0.394 0.505 0.048 
3-arm 
PEG6000 - - - - 0.123 0.069 0.020 
Linear 
PEG6000 - - - - - 0.639 0.228 
3-arm 
PEG9000 - - - - - - 0.087 
Linear 
PEG9000 - - - - - - - 
κ-value 














PEG2600 - 0.409 0.643 0.559 0.494 0.232 0.440 
3-arm 
PEG4000 - - 0.481 0.601 0.138 0.074 0.102 
Linear 
PEG4000 - - - 0.716 0.090 0.045 0.002 
3-arm 
PEG6000 - - - - 0.097 0.048 0.022 
Linear 
PEG6000 - - - - - 0.403 0.982 
3-arm 
PEG9000 - - - - - - 0.299 
Linear 
PEG9000 - - - - - - - 




Table 7 continues next page. 
β-value 














PEG2600 - 0.679 0.403 0.606 0.113 0.032 0.009 
3-arm 
PEG4000 - - 0.222 0.395 0.066 0.010 0.002 
Linear 
PEG4000 - - - 0.809 0.309 0.153 0.044 
3-arm 
PEG6000 - - - - 0.259 0.138 0.047 
Linear 
PEG6000 - - - - - 0.927 0.431 
3-arm 
PEG9000 - - - - - - 0.224 
Linear 
PEG9000 - - - - - - - 
κ-value 














PEG2600 - 0.479 0.650 0.618 0.950 0.756 0.381 
3-arm 
PEG4000 - - 0.943 0.991 0.695 0.653 0.768 
Linear 
PEG4000 - - - 0.964 0.773 0.823 0.830 
3-arm 
PEG6000 - - - - 0.746 0.782 0.879 
Linear 
PEG6000 - - - - - 0.882 0.619 
3-arm 
PEG9000 - - - - - - 0.506 
Linear 
PEG9000 - - - - - - - 




















PEG2600 - 0.531 0.228 0.064 0.050 0.071 0.022 
3-arm 
PEG4000 - - 0.377 0.055 0.058 0.090 0.022 
Linear 
PEG4000 - - - 0.248 0.128 0.196 0.045 
3-arm 
PEG6000 - - - - 0.268 0.413 0.078 
Linear 
PEG6000 - - - - - 0.838 0.502 
3-arm 
PEG9000 - - - - - - 0.405 
Linear 
PEG9000 - - - - - - - 
κ-value 














PEG2600 - 0.075 0.014 0.792 0.027 0.400 0.014 
3-arm 
PEG4000 - - 0.016 0.086 0.015 0.084 0.009 
Linear 
PEG4000 - - - 0.016 0.329 0.583 0.105 
3-arm 
PEG6000 - - - - 0.027 0.374 0.014 
Linear 
PEG6000 - - - - - 0.285 0.428 
3-arm 
PEG9000 - - - - - - 0.127 
Linear 
PEG9000 - - - - - - - 
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Appendix E: Publications Arising from This Thesis 
 
Sim S.L., He T., Tscheliessnig A., Mueller M., Tan R.B.H., Jungbauer A. (2012) 
Branched polyethylene glycol for protein precipitation. Bioeng. Biotechnol., 
109(3), 736-746      
Abstract: The use of linear PEGs for protein precipitation raises the issues of high 
viscosity and limited selectivity. This paper explores PEG branching as a way to alleviate 
the first problem, by using 3-arm star as the model branched structure. 3-arm star PEGs 
of 4,000 to 9,000 Da were synthesized and characterized. The effects of PEG branching 
were then elucidated by comparing the branched PEG precipitants to linear versions of 
equivalent molecular weights, in terms of IgG recovery from CHO cell culture 
supernatant, precipitation selectivity, solubility of different purified proteins, and 
precipitation kinetics. Two distinct effects were observed: PEG branching reduced 
dynamic viscosity; secondly, the branched PEGs precipitated less proteins and did so 
more slowly. Precipitation selectivity was largely unaffected. When the branched PEGs 
were used at concentrations higher than their linear counterparts to give similar 
precipitation yields, the dynamic viscosity of the branched PEGs were noticeably lower. 
Interestingly, the precipitation outcome was found to be a strong function of PEG 
hydrodynamic radius, regardless of PEG shape and molecular weight. These 
observations are consistent with steric mechanisms such as volume exclusion and 
attractive depletion. 
 
Sim S.L., He T., Tscheliessnig A., Mueller M., Tan R.B.H., Jungbauer A. (2012) 
Protein precipitation by polyethylene glycol - a generalized model based on 
hydrodynamic radius. J. Biotechnol., 157(2), 279-350 
Abstract: PEGs for protein precipitation are usually classified by molecular weight. The 
higher molecular weight precipitants are more efficient but result in higher viscosity. 
Following empirical evidence that the precipitation efficiency is more comprehensively 
characterized by PEG hydrodynamic radius (rh,PEG) than molecular weight, this paper 
proposes a model to explicate the significance of rh,PEG. A general expression was 
formulated to characterize the PEG effect exclusively by rh,PEG. The coefficients of a 
linearized form were then fitted using empirical solubility data. The result is a simple 
correlation that models the efficiency of general-shaped PEG precipitants as a function 
of rh,PEG and protein hydrodynamic radius (rh,prot). This equation also explains the effects 
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of environmental conditions and PEG branching. While predictions by the proposed 
correlation agree reasonably well with independent solubility data, it’s simplicity gives 
rise to potential quantitative deviations when involving small proteins, large proteins and 
protein mixtures. Nonetheless, the model offers a new insight into the precipitation 
mechanism by clarifying the significance of rh,PEG. This in turn helps to refine the 
selection criterion for PEG precipitants.  
 
 
